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SUMMARY 
I 
i x  . 
The ob jec t ives  o f  t h i s  s tudy  have been t o  eva lua te ,  a n a l y t i -  
c a l l y  and experimental ly ,  c e r t a i n  conzepts  f o r  inproving the  
long term space s t o r a b i l i t y  o f  l i q u i d  hydrogen i n  large s c a l e  
tankage systems. I n  p a r t i c u l a r ,  concepts  were 'valuated f o r  t h e  
reduct ion  of t o t a l  bo i lo f f  b ;~  use of t h e  vented hvdrogen t o  in -  
tercept  a p a r t  of he hea t  l e a k  t o  the  tank .  
A l l  ana lyses  :e compared t o  pred ic ted  performance oE a r e f -  
erence veh ic l e .  The r e fe rence  veh ic l e  c o n s i s t s  of a tank,  roughly 
equiva len t  t o  t h e  combined f u e l  and ox id ize r  tanks  i n  an SLV-B 
s t age ,  supported w i t h i n  a load-car ry ing  shroud. The tank i s  sup- 
ported by a tubu la r  t i taniun!  t r u s s  system, and i n s u l a t e d  wi th  
mul t i l aye r  i n s u l a t i o n ,  Thermal conduc t iv i ty  and dens i ty  of t h e  
i n s u l a t i o n  are t r e a t e d  paramet r ica l ly .  
The cool ing  of p ip ing  connect ions t o  the  tank  was eva lua ted  
and optimized f o r  a t y p i c a l  case. 
t o  60% i s  ca l cu la t ed  f o r  t h e  case  where t h e  vent  gas  used t o  
cool  t h e  p i p e  equals  t h e  bo i lo f f  r e s u l t i n g  from t h e  pipe hea t  
f l u x .  I n  t h i s  case ,  t h e  h e a t  exchanger i s  i n s t a l l e d  over  mosL 
of t he  p i p e  l ength ,  depending on t h e  en t r ance  temperature ,  Local 
cool ing  of a s h o r t  s e c t i o n  of t h e  p i p e  was a l s o  eva lua ted  f v r  
t he  case of s e v e r a l  h e a t  exchangers connected i n  series,  The 
cool ing of t h e  tank suppor t  s t r u c t u r e  was ~ 6 .  . r a l l y  f m n d  t o  be 
un feas ib l e  because of t h e  complexity of t h e  ;equired hea t  ex- 
changer c i r c u i t  and t h e  r e l a t i v e l y  small  h e a t  f l u x  d u e  t o  t h e  
support  system. 
A h e a t  f l u x  r educ t ion  of up 
The i n t e r c e p t i o n  02 h2a t  w i t h i n  the  tank  i n s u l a t i o n  -:;stern 
was eva lua ted  i n  d e t a i l .  A concept t h a t  appeers  a t t r a c t . i v e  1s 
t he  d i v i s i o n  of t h e  tank  i n s u l a t i o n  i n t o  two p a r t s  -- a ahroud- 
and a tank-mounted b lanket .  A h e a t  exchanger i s  i n s t a l l e d  between 
the  two and i s  coupled 5y r a d i a t i o n ,  r a t h e r  tnan phys ica l  a t t a c h -  
ment, t o  t h e  b l anke t s .  A r educ t ion  of h e a t  f l u x  through t h e  i n -  
s u l a t i o n  i s  ca l cu la t ed  t o  be  50% o r  more, w i t h  pred ic ted  ne t  i n -  
c r eases  i n  remaining l i q u i d  hydroge,l of  up t o  1500 l b  (out  o f  50 t o  
60,000 lL,, depending or1 !-nsulation p r o p e r t i e s ,  A small sca1.e 
t e s t  (4 - f t  d i a n e t e r  tank) was conducted which demonstrated t h e  
in su laz ion  h e a t  i n t e r c e p t i o n  corcept  us ing  a r a d i a t i v e l y  coupled 
h e a t  exchanger. 
i 
I 
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The use  of nonmetall ic conposice materials i n  the tank support  
s t r u c t u r e ,  was considered as a means of reducing h e a t  inpuc t o  
t h e  tank. Thermal conduc t iv i ty  tests were conducted f o r  S-glass  
epoyy, boron epoxy, and g r a p h i t e  epoxy composites. Ttermal con- 
duc-ances were a l s o  measured f o r  a s e l f - a l i g n i n g  s p h e r i c a l  bear- 
i n g  and 3 stacked w a s h e r  assembly. 
s i o n  and compression loads t o  nonmetal l ic  f i h e r s ,  p a r t i c u l a r l y  
boron, was developed and evaluated i n  prel iminary f e a s i b i l i t y  
tests. 
tor tank supports  resu l t s  i n  an improvement i n  hea t  l e a k  of 60% 
o r  ;uore over  the r e fe rence  v e h i c l e  conf igurat5on.  
A concept f o r  applying =en- 
The u s e  of S-glass  and/or boron epoxy composite materials 
A concept f o r  i n t e rpos ing  a l a y e r  of hydrogen vapor between 
tne l i q u i d  and tank wa l l  i n  the  v i c i n i t y  of  concentrated hea t  in-  
pu t ,  such a s  tne  feed l i n e  pene t r a t ion ,  w a s  considered. The feas-  
i b i l i t y  of a cap:-llary i n t e r n a l  i n s u l a t i o n  ccncept u s ing  non- 
m e t a l l i c  honevcomb t u  p o s i t i o n  gas  a d j a c e n t  t o  t h e  tank w a l l  was 
demonst ated. When t h i s  i n t e r n a l  insulat ic jn  concept was a n a l y t i -  
caz ly  eve lua ted ,  i t  was found t o  l ack  promise f o r  long-term hydro- 
gen s to rage  a p p l i c a t i  :ns. 
!CR - 69 - IC  05 
I. IhTRODUCTIOK 
I- 1 
With t h e  f i r s t  s t e p s  of  macned exp lo ra t ion  of  the  lunar  system 
an zccomplished f a s t ,  a t t e n t i o n  w i l l  be fncused on more advanced 
space missions inc lud ing  manned exp lo ra t ion  of t he  p lane ts .  The 
na tu re  of these  advanced missions w i i l  r e s u l t  i n  l a r g e r  veh ic l e s ,  
longer missions,  and more ex tens ive  use  o f  cryogens fo r  upper 
s tages .  The o b j e c t i v e  of  t h i s  s tudy has  been the  i n v e s t i g a t i o n  
of  techniqxes f o r  improving the  long term s t o r a b i l i t y  of l i q u i d  
hydrogen i n  l a r g e  s c a l e  space tankage systems. P a r t i c u l a r  empha- 
s i s  has  been placed cn the  use of  the  r e f r i g e r a t i o n  c a p a b i l i t y  of 
vent (;as t o  redu:e o v e r a l l  b o i l o f f .  
Of utmost importance t o  the  problem o f  long  t e r m  s to rage  of  
l i q u i d  hydrogen and o t h e r  cryogens is the  development of high per- 
formance i n s u l a t i o n  systems. Promising work has  been done i n  t h i s  
a r e a  i n  r ecen t  yea r s ,  l ead ing  t o  the  p o s s i b i l i t y  t h a t  hea t  leakage 
from a l i q u i d  cryogen tank  can be reduced t o  the  point  t h a t  vent- 
i n g  w i l l  be t o t a l l y  e l imina ted  f o r  s to rage  pe r iods  o f  s e v e r a l  
months, i f  no t  years .  However, scme ques t ion  remains a s  t o  whether 
t h e  l abora to ry  performance c f  i n s u l a t i o n  systems can be achieved 
when appl ied  t o  l a r g e  s c a l e  tankage. The p resen t  s tudy has  been 
l a r g e l y  divorced from the  ques t ion  of i n s u l a t i o n  performance; 
r a t h e r ,  conserva t ive  i n s u l a t i o n  c h a r a c t e r i s t i c s ,  r e s u l t i n g  i n  a 
vented tankage system, have been assumed. The r e s u l t s  w i l l  be ap- 
p l i c a b l e  f o r  more promising in su la t io r .  a a t e r i a l s ,  bu t  miss ion  dur- 
a t i o n s  of i n t e r e s t  may be correspondingly longer.  
For vented s to rage  systems, oppor tuni ty  e x i s t s  f o r  us ing  che 
cold  vent gas  a s  a hea t  sink. By t r a n s f e r r i n g  hea t  from major 
conduction pa ths  t o  t h i s  vent  gas ,  a p o r t i o n  o f  the  incoming hea t  
flow w i l l  be in t e rcep ted ,  r e s u l t i n g  i n  a Lower h e a t  f l u x  t o  t h e  
cryogen tank and, consequent ly ,  a lower b o i l o f f  r a t e .  For  t h e  
t y p i c a l  shroud-mounted s to rage  tank,  h e a t  w i l l  reach t h e  tank  
through t h r e e  major pa ths ;  tank support  s t r u c t u r e ,  connect ing 
p ipes ,  and tbnk i n s u l a t i o n  system. Therefore ,  coccepts  f o r  e f -  
f e c t i n g  the  in t e rceF t ion  or hea t  i n  these  conduct ion pa ths  by use  
o f  vent  gas  have been evaluated i n  s i g n i f i c a n t  d e t a i l .  
To reduce hea t  t r a n s f e r  through s t r u c t u r a l  support  members, 
the  use of nanmeta l l ic  composite m a t e r i a l s  was considered. The 
ma te r i a l s  t h a t  were eva lua ted  were glass-epoxy and boron-epoxy. 
The predic ted  performance of t ubu la r  s t r u t s  01 these  composites 
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W ~ S  compared with a r e fe rence  t i t an ium s t r u t  system. An expe r i -  
mental program was cocducted t o  determine the  thermal conduc t iv i ty  
of  t hese  macerials  down t o  nea r  l i q u i d  hydrogen temperature. TLer- 
mal conduc t iv i ty  w a s  a l s o  determined f o r  graphite-epoxy specimens. 
Limited thermal conduction tes ts  were made f o r  a m u l t i p l e  s tacked 
washer l inkage and a commercially a v a i l a b l e  s p h e r i c a l  bea r ing  with 
app l i ed  fo rce  a s  a parameter. 
Ana ly t i ca l  p r e d i c t i o n s  were q u i t e  f avorab le  toward t h e  use of  
an i n s u l a t i o n  hea t  exchanger, placed between shroud and tank-mounted 
i n s u l a t i o n  b l anke t s  t o  i c t e r c e p t  a p o r t i o n  o f  t he  i n s u l a t i o n  hea t  
leakage. Therefore ,  a system demonstration tes t  of  t h i s  concept 
was performed, using r a d i a t i o n  coupl ing between t h e  h e a t  exchanger 
and the i n s u l a t i o n  blanket  surfaces .  
Computer techniques f o r  so lv ing  a n a l y t i c a l  problems have been 
used l i b e r a l l y  throughout t h i s  study. The use of e f f i c i e n t  i t e r a -  
t i v e  numerical r o u t i n e s  f r equen t ly  permits  s o l u t i o n  of problems i n  
t h e i r  most b a s i c  form, without  ex tens ive  a l g e b r a i c  manipulat ion and 
s impl i f i ca t ion .  I n  t h i s  case,  the bulk of  t h e  programing e f f o r t  i s  
concerned with numeric21 techniques,  i t e r a t i o n  schemes, convergence 
c r i t e r i a  and o t h e r  d e t a i l s  no t  d i r e c t l y  b e a r k g  on the  physics  of 
t he  problem being solved. For t h i s  reason, r e s u l t s  are i n  many in -  
s t ances  presented with only a minimum exp lana t ion  of t he  method of 
solut ion.  
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A .  STUDY REQUIREMENTS AND GROUND RULES 
I n  order  L J  p e r m i t  d i r e c t  comparison of r e s u l t s  of the v a r i -  
ous analyses ,  a ‘ , ingle v e h i c l e  conf igu ra t ion  was considered. A 
tankage s y s t e r  c f  SIV-B s c a l e  with a mission d u r a t i o n  of 120 days 
was se l ec t  2d. A s i n g l e  l i q u i d  hydrogen tank with h e n i s p h e r i c a l  
ends,  e q u i v a l m t  t o  t h e  combined SIV-B f u e l  and o x i d i z e r  t anks ,  
was assumed t c  be supported w i t h i n  a load c a r r y i n g  shroud. The 
tank diameter was cons t r a ined  t o  a fixed value of 260 inches, 
while the shrcud diameter and tank b a r r e l  l e n g t h  were allowed t o  
;lary a s  necessary.  
An arbit:.ary mission was considered. 7.’herefr~re, a thermal 
space environment was not  s p e c i f i e d ,  but  rs’;her a f ixed shroud 
temperature of 400”R was assumed. For s t r u c t u r a l  cons ide ra t ions ,  
boost a c c e l e r a t i o n  values  of 5 g a f t ,  2 g forward, and 2.5 g l a t -  
e r a l ,  with a s a f e t y  f a c t o r  o f  1.4 were assumed. Tank u l l a g e  vol-  
ume was taken a s  5% an,’. a tank ope ra t ing  p res su re  of 2 t o  40 p s i g  
was assumed. The Lank p res su ran t  was assumed t o  be gaseous hy- 
drogen. The tank piping was f u n c t i o n a l l y  e q u i v a l e n t  t o  t h a t  con- 
nected t o  the  SIV-B hydrogen tank. 
An op t imiza t ion  c r i t e r i o n  was adopted t h a t  permits  comparison 
of a l l  sys tem a l t e r n a t i v e s  d i r e c t l y  i n  terms of t h e  q u a n t i t y  of 
l i q u I d  hydrJgen remaining a - t e r  120 days i n  space. For each system 
t o  be eva lua ted ,  t h e  t o t a l  weight of the following i t e m s  i s  con- 
s t r a i n e d  t o  a f ixed  value: loaded hydrogen, tank and tank support  
s t r u c t u r e ,  i n s u l a t i o n ,  shroud, hea t  exchanger system, i f  any, and 
piping. This i s  accomplished by a d j u s t i n g  the  t ank  b a r r e l  l eng th ,  
and consequently the shroud l eng th ,  f o r  each configurat ion.  Thus, 
i f  the thickness  o r  d e n s i t y  of  the tank i n s c l a t i o n  i s  inc reased ,  
f o r  example, t h e  tank b a r r e l  l eng th  i s  decreased so t h a t  the de- 
c rease  of  tank, shrcud, and hydrogen weight balances the  i n c r e a s e  
i n  i n s u l a t i o n  weight. 
The use of subcooled o r  p a r t i a l l y  s o l i d i f i e d  hydrogen to in-  
c r e szc  the h e a t  s i n k  c a p a b i l i t y  of the p r o p e l l a n t  was not consid- 
ered. I n  keeping w i t h  the a r b i t r a r y  shroud temperature d e f i n i t i o n ,  
thermal coa t ings ,  sun s h ’ r l d s ,  and d t h e r  means of  reducing shroud 
temperature were not  considered. 
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B. REFERENCE VEHICLE 
I 
I n  order  t o  eva lua te  improvements i n  system performance a t -  
t a ined  by inco rpora t ing  h e a t  i n t e r c e p t i o n  devices ,  a r e fe rence  ve- 
h i c l e  was def ined.  
cu r ren t  des ign  p r a c t i c e .  I t  i s  designed i n  s u f f i c i e n t  d e t a i l  t o  
de f ine  i t s  thermal c h a r a c t e r i s t i c s  and weight ,  bu t  i s  not  intended 
as the  mainstream e f f o r t  of the  s tudy .  A l l  thermal improvement 
s t u d i e s  t h a t  were subsequent ly  performed a r e ,  i n  e f f e c t ,  modif ica-  
t i o n s  t o  t h i s  r e fe rence  v e h i c l e .  
This  r e fe rence  v e h i c l e  i s  based on conserva t ive ,  
The tank and support  system a r e  shown i n  Figure 11-1. A mono- 
coque s h e l l  w i th  hemispherical  domes was s e l e c t e d  a s  t h e  l i g h t e s t  
t ank  concept ,  s ince  the  tank  i s  t o  be supported wi th in  a load c a r -  
ry ing  shroud. 
m a t e r i a l  because of i t s  h igh  s t r e n g t h ,  low weight ,  compa t ib i l i t y  
w i th  l i q u i d  hydrogeti, exce l l e l i t  w e l d a b i l i t y ,  and r e l i a b l e  mechani- 
c a l  and phys ica l  p r o p e r t i e s  a t  cryogenic  temperatures .  The s h e l l  
i s  a r o l l e d  2014-~luminum shee t  welded l o n g i t u d i n a l l y  t o  form the  
b a r r e l  s e c t i o n  wi th  chemical ly  mi l l ed  land a r e a s  f o r  welding. The 
domes a r e  formed 2014-aluminum s e c t i o n s  wi th  chemical ly  mi l led  land 
areas f o r  welding the  s e c t i o n s  toge ther  and the  2 in ished  dome t o  
t h e  b a r r e l .  
2014-aluminum was s e l e c t e d  8s t h e  b e s t  candida te  
A t  t h e  f o r e  and a f t  dome-barrel j unc t ion ,  frames were designed 
t o  f a c i l i t a t e  ground handl ing and t o  implement the  a i r b o r n e  load 
pa th  f o r  t he  support  system. Rolled r i n g  fo rg ings  of 2014-aluminum 
were se l ec t ed  f o r  t he  tank frames. Forgings were s e l e c t e d  in s t ead  
of ex t rus ions  because of t h e  h igher  des ign  a l lowab les ,  c a p a b i l i t y  
of machining i n t e g r a l  l ugs  and gusse t s  f o r  t he  support  system t i e -  
i n ,  and a h igher  p r s d i c t a b l e  accuracy i n  o v e r a l l  dimensions. In-  
t e g r a l  lugs  a r e  used because of b e t t e r  des ign  a l lowables  and dimen- 
s i o n a l  c o n t r o l  than those  of welded-on lugs .  A t ens ion  t r u s s  con- 
s i s t i n g  of  36 tubu la r  t i t an ium bi-?ods was chosen t o  support  t he  
tank, i n s u l a t i o n ,  and hydrogen weight .  A s e r i e s  of  24 t ens ion  sup- 
p o r t s  a t  12 p o i n i s  on the  upper barrel-dome i n t e r s e c t i o n  provide 
l a t e r a l  s t a b i l i z a t i o n .  
For s i z i n g  the  tank,  the  s t a t i c  load f a c t o r s  used were 5 g a f t ,  
2 g forward, 2.5 g l a t e r a l ,  and a 1.4 s a f e t y  f a c t o r .  It should be 
noted t h a t  these  loads  a r e  a r b i t r a r y  and do not  n e c e s s a r i l y  co r re s -  
pond t o  any mission conf igu ra t ion .  Actua l  des ign  load c a l c u l a t i o n s  
would r equ t r e  more information than has  been s p e c i f i e d .  A tempera- 
ture of  30"R t o  620"R was assumed. A minimum pressure of 2 p s i  was 
assumed t o  be a v a i l a b l e  t o  s t a b i l i z e  t h e  unloaded tank.  The maxi- 
mum opera t ing  p res su re  wcs 40 p s i g .  
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I 
Using the  above assumptions and d a t a ,  a t o t a l  1 g loaded and 
i c s u l a t e d  tank weight of 65,900 l b  was e s t ima ted .  From this,  an  
a x i a l  load of 455,000 l b ,  a spr ingback load of  183,000 111, and 
l a t e r a l  loads  o f  105,000 and 124,000 l h  a t  the  forward and a f t  
dome b a r r e l  j unc t ions ,  a tank b a r r e l  th ickness  of  0.140 inches  
and a dome th ickness  o f  0.075 were determined from these  da t a  and 
assumptions.  On t he  b a s i s  o f  consErvat ivc,  simple beam assump- 
t i o n s  and l a t e r a l  support  a t  12 p laces ,  t h e  rnaxiruum moment on ttie 
forward tank frame was ca l cu la t ed  t o  be 242,000 in.-lb. A s tand-  
ard I-shape 4.0 x 4.0 x 0.25 in. t h i c k  was s e l e c t e d  t o  provide 
the  requi red  s e c t i o n  rnod;llus of h.02 in:'. 
moment of 63,000 i n . - l b  and a requi red  s e c t i o n  modulus of  1.94 
i n e 3  was est imated f o r  t h e  lower tank  frame. Th i s  requirement i s  
met by a s tandard I - shape  4.0 x 2.0 x U.!25 i;l. 
S i m i l a r l y ,  a maximum 
Because of the l a r g e  d i f f e r e n t i a l  expansion and con t r ac t ion  
caused by p r e s s u r i z a t i o n  and temperature changes,  a t i ibular  sup- 
p o r t  system was chosen. A ser ies  of t a n g e n t i a l  t ens ion  suppor ts  
provides  l a t e r a l  and t o r s i o n a l  s t a b i l i z a t i o n  of the upper tank 
wi thout  r e s t r i c t i n g  t h e  v e r t i c a l  motion. A t ens ion  bi-pod t r u s s  
a t  t h e  lower dome-barrel i n t e r s e c t i o n  suppor ts  the  weight of the  
loaded tank p l u s  l a t e r a l  and t o r s i o n a l  loadings .  I n  a d d i t i o n ,  
the lover  support  system m u s t  a c t  i n  compression t o  r e a c t  the  
springback loads  occur r ing  a t  t h r u s t  t e rmina t ion .  
The a f t  bi-pod support  system i s  made of t i t an ium t a b u l a r  sup- 
p o r t s ,  each with a s e r i e s  of s tacked s t a i n l e s s  s t e e l  washers a t  
each end t o  inc rease  thermal r e s i s t ance .  On the  b a s i s  of t h e  above 
load f i g u r e s  and the  assumption t h a t  one-half the  bi-pods r e a c t  the  
loads ,  a requi red  a r e a  of 0.165 in.2 was ca l cu la t zd ,  based on a 
44,000 p s i  column al lowable f o r  Ti-6A1-4V. The c ross - sec t ion  se- 
l ec t ed  was 1.0 in. O.D. x 0.058 in. wa l l ,  g iv ing  an a rea  of 0.1716 
i n O 2  and a r ad ius  of gy ra t ion  or' 0.3337 in. Tension, column anti 
c rush ing  al lowables  were determined t o  be adequate. Lug th ickness  
on the tube ends i s  based on T i  t ens ion  al lowable appl ied  a c r o s s  
the  ne t  l u g  a rea  a f t e r  s u b t r a c t i n g  ho le  a rea  f o r  a p r e s s - f i t ,  s e l f -  
a l i g n i n g  s p h e r i c a l  bear ing .  The p in  f o r  the  lug was designed u s -  
ing a double shear  a l lowable  f o r  a 160,000 p s i  h e a i  t r e a t e d  a l l o y  
s t e e l .  
! 
The upper support  system was designed t o  r e a c t  l a t e r a l  and t o r -  
s iona l  loads  only .  A r e l e a s e  f i t t i n g  was incorpora ted  t o  a s s u r e  
t h a t  t h e  tubes were loaded i n  tensior .  on ly ,  pe rmi t t i ng  longer  tube 
lengths  w.ith h igher  thermal r e s i s t a n c e .  The mounting Doints f o r  
the suppor ts  extended i n t o  the  annular  space so a s  t o  mini-ize i n -  
t e r f e rence  with tsnk- and shroud-momted i n s u l a t i o n  blankets .  The 
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a d j u s t a b l e  n G t ,  housing the s e l f - a l i g n i n g  s p h e r i c a l  rod end, was 
pre-tensioned on i n s t a l l a t i o n  to  a l low a s l i g h t  r e l a x a t i o n  d u e  t o  
tank shrinkage and p r e s s u r i z a t i o n .  Assuming t h a t  the l a t e r a l  l oads  
w i l l  be r eac t ed  by the  s i x  suppor t s  most nea r ly  a l igned wi th  the  
l o s d  vec to r ,  the maximum u l t i m a t e  support  load f o r  an;. one member 
i s  :C,5ciO l b ,  w i t h  a maxinuni tank displacement of 0.1 i n .  
The p i p s  connected t o  the  tank were assumed t o  be: 
Main Feedl ine 
10 in. O.D. x 0.188 in ,  w a l l ,  s t a i n l e s s  s tee l  
Case 1 - 36 in. long 
Case 2 - 60 in.  long 
Vent Line 
6 in. O.D. x 0.078 in. wa l l ,  s t a i n l e s s  s t e e l  
170 in. long 
P r e s s - i r i z a t i o n  Lines (2) 
318 in,  O.D. x 0,035 i n .  w a l l ,  s t a i n l e s s  s t e e l  
160 in. long, each 
1. Weight Est imate  f o r  Reference Vehicle 
The fol lowing weight e s t ima te  i s  based on a tank i n s u l a t i o n  
thickness  of 3 i n .  wi th  a d e n s i t y  of 3 l b l f t '  and a nominal t ank  
b a r r e l  l eng th  of 270 i n .  
Weip;h t ( l b )  
Tank 
Tank suppor t s  
Shroud & support  s t r u c t u r e  
I n s u l a t i o n  
I n s u l a t i o n  i n s t a l l a t i o n  
P1 urnbing 
Liquid hydrogen 









2, OD t i m i z a t i o n  of I n s u l a t i o n  Th ickness  
A parametr ic  e v a l u a t i o n  w a s  made cf t h e  optimum tank-mounted 
i n s u l a t i o n  th i ckness .  For t h e  :-eference v e h i c l e ,  t he  l i q u i d  and 
vapor were assumed t o  be sepa ra t ed ,  and t h e  t ank  d i r e c t l y  vented 
from the  vapor region.  
scheme is  a formidable problem, r e q u i r i n b  some a c t i v e  o r  pas s ive  
Actual  accomplishment of t h i s  ven t ing  
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means f o r  l o c a t i n g  the  vapor a t  a known p o s i t i o n  i n  t h e  tank.  
However, i t  was assumed i n  the  r e fe rence  v e h i c l e  eva lua t ion  t h a t  
t h i s  requirement can be n e t  w i th  no weight  o r  performance pena l ty .  
The previous ly  descr ibed  op t imiza t ion  c r i t e r i o n  used maximizes t h e  
hydrogen ranaii . ing a f t e r  120 days when t h e  i n i t i a l  weight  of  loaded 
i~!.dcogen p l u -  tankage is  he ld  cons t an t .  A s  t he  th i ckness  and den- 
si iy of t ne  i n s u l a t i o n  a re  va r i ed ,  t h e  tank  length  i s  v a r i e d  t o  
c u n s t r a i r ~  the  t o t a l  weight of tack ,  shroud, l i q u i d ,  and i n s u l a t i o n  
t o  a f ixed  va lue  of  77,330 l b .  It i s  noted t h a t  t h i s  c r i t e r i q n  
g ives  the  maximum q u a n t i t y  of a v a i l a b l e  hydrogen a f t e r  120 days,  
bu t  wculd not r e s u l t  i r L  t h e  g r e a t e s t  AV c a p a b i l i t y  f o r  a propuls ion  
s t age .  For t h i s  ca se ,  optimum AV would occc; w i th  less  i n s u l a t i o n ,  
dopending oc tho magnitude of t he  f i x e d  mass o r  payload v e r s u s  the  
weight of tank, propeila!i t ,  and i n s u l a t i o n .  A s  t h e  payload in-  
c r e a s e s ,  the  optimum i n s u l a t i o n  th i ckness  approaches t h e  same va lue  
f o i  both cases .  
For t h i s  a n a l y s i s ,  t h e  fol lowing d a t a  were used: 
T o t a l  weight of l i q u i d  hydrogen, 
i n s u l a t i o n ,  tank and shroud = 77,330 l b  
Heat l eak  caused by p ipes  and 
suppor ts  ( i n i t i a l  e s t ima te )  = 30 Btu,'hr 
Liquid (and tank  wal l )  temper- 
a t u r e  = 40°R 
Shroud temperature = LOOOR 
Shroi*c weight (assumed) = 25 l b / f t  r a d i u s l f t  l eng th  
Tank b a r r e l  weight = 137.2 l b l f t  l eng th  
A IC value  was assumed t o  r e p r e s e n t  t h e  average e f f e c t i v e  t h e r -  
mal conduc t iv i ty  of t he  app l i ed  i n s u l a t i o n ,  and t h e  va lue  f o r  i n -  
s u l a t i o n  d e n s i t y  r e p r e s e n t s  t he  average d e n s i t y  of t h e  a p p l i e d  i n -  
s u l a t i o n  system. I f  t h e  decrease  i n  weight  gf t he  loaded propel -  
l a n t  were a l i n e a r  func t ion  of t h e  product  of i n s u l a t i o n  th i ckness  
and dens i ty ,  i t  c?uld r e a d i l y  be shown t h a t  t h e  maximum remaining 
propel-lant i s  a func t ion  of t h e  product  of t h e  e f f e c t i v e  thermal  
conduc t iv i ty  and the  average i n s u l a t i o n  d e n s i t y ,  p .  Since t h i s  i s  
not  t h e  case ,  a numerical survey was made f o r  i n s u l a t i o n  th i ckness  
from 1 tc G i n .  f o r  v a r i o u s  v a l u e s  of  k and p .  Resu l t s  of t h i s  
survey i n d i c a t e  t h a t  t h e  nonl inear  e f f e c t  i s  n e g l i g i b l e ,  and t h a t  
the remaining hydrogen a f t e r  120 days  i s  d i r e c t l y  dependent on the  
param2t-r F igure  11-2 snows t h i s  r e l a t i o n s h i p .  
i 
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Figure 11-3 shows the e f f e c t  of i n s u l a t i o n  blanket  t h i ckness ,  
d e n s i t y ,  and t.ierma1 conduc t iv i ty  on the q u a n t i t y  of l i q u i d  hy- 
drogen remaining a f t e r  120 days f o r  a f ixed  value of 8 x LO-5 B t u  
l b  / f t 4  h r  O R ,  as  a t y p i c a l  example, f o r  the parameter,  kp. 
mum th ickness  of  t h e  i n s u l a t i o n  ve r sus  thermal conduc t iv i ty  i s  
p l o t t e d  i n  F igu re  11-4 f o r  s e v e r a l  va lues  of densi ty .  
Opti-  
m 
For the above a n a l y s i s ,  a s impl i fy ing  assumption was made t h a t  
the t a n k  would be vented a t  25 p s i g  and t h a t  the tank con ten t s  
would be a t  40°R during the  e n t i r e  c o a s t  pe r iod .  
required t o  r a i s e  the l i q u i d  temperature from i ts  i n i t i a l  s a tu r : i .  
t i o n  temperature of about 36 t o  40°R was assumed t o  be roughly I . hac  
caused by ground and boost hea t ing .  
the purpose of s impl i fy ing  subsequent a n a l y s e s  and pe rmi t t i ng  d i -  
r e c t  comparison of t he  resu l t s .  
The h e a t  i n p u t  
The assumption was made f o r  
For many v e h i c l e ,  mission,  and i n s u l a t i o n  combinations, t h e  
t a n k  ven t ing  requirement can be e l imina ted  by pe rmi t t i ng  a r ise i n  
the  temperature of t h e  l i q u i d  and a n  i n c r e a s e  i n  tank p res su re .  
I n  t h i s  case,  a l l  t he  h e a t  reaching t h e  t ank  i s  absorbed by the 
tank and i t s  con ten t s .  I n  o rde r  t o  e v a l u a t e  t h e  a p p l i c a b i l i t y  of 
the tinvented mode t o  the r e fe rence  v e h i c l e  and mission considered 
he re ,  a numerical survey was  conducted. This a n a l y s i s  was s i m i -  
lar  t o  t h a t  f o r  t h e  d i r e c t  ven t  case.  By d i g i t a l  computer i t e r a -  
c io l , ,  t h e  tank s i z e  and i n s u l a t i o n  th i ckness  were found t h a t  would 
simultaneously r e s u l t  i n  a f i x e d  t o t a l  weight of tank,  f l u i d ,  
shroud, a n d  i n s u l a t i o n  of 77,330 l b ,  and a n  i n c r e a s e  i n  energy t o  
the system r e s u l t i n g  i n  the  s p e c i f i e d  f i n a l  temperature and p r e s -  
sure .  I n  t h i s  a n a l y s i s ,  changes i n  i n t e r n a l  energy of the  l i q u i d  
and enthalpy of t h e  gas, p l u s  phase t r a n s i t i o n  energy of t h e  evap- 
o r a t i n g  l i q u i d  were accounted for. Because o f  t h e  low s p e c i f i c  
hea t  of a l u m i n u m ,  t h e  change i n  energy of t h e  tank w a s  neglected.  
The e f f e c t i v e  thermal conduc t iv i ty  of the tank-mounted i n s u l a t i o n  
vas assumed t o  be cons t an t  over t h e  range of the cold s i d e  temper- 
a t u r e  from i n i t i a l  t o  f i n a l  cond i t ions .  Tank weight w a s  based on 
a s i m p l e  p r o p o r t i o n a l i t y  t o  the tank des ign  p r e s s u r e  t h a t  was taken 
a t  15 p s i  zbove ope ra t ing  p res su re .  Shroud dizmeter  was a d j u s t e d  
t o  provide a 4-in.  gap between i n s c l a t i o n  and shroud s k i n  f o r  a l l  
cases .  
Two assumptions i n  the a n a l y s i s  of t he  unvented c o n f i g u r a t i m  
b i a s  the r e s u l t s  i n  i t s  favor:  (1) t h e  ground and boost hea t ing  
a r e  neglected and a l l  hea t  ga in  occur s  dlrring c o a s t ;  (2) t h e  re- 
quirement f o r  mixing, and i t s  a s s o c i a t e d  energy inpu t s ,  i s  ne- 
g l e c t e d .  
of the tank con ten t s  w i l l  be n e g l i g i b l e ,  and forced mixing i s  r e -  
quired t o  l i m i t  thermal s t r a t i f i c a t i o n  and consequent over-pres- 
s u r i z a t i o n  o f  t he  tank. This  s u b j e c t  i s  f u l l y  t r e a t e d  i n  Refer-  
ence 1. 
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Resu l t s  of the unvented survey a r e  presented i n  Figure 11-5 
i n  terms of a v a i l a b l e  p r o p e l l a n t .  
cluded f o r  comparison wi th  the d i r e c t  ven t  conf igu ra t ion .  'The 
s l i g h t  s c a t t e r i n g  of the d a t a  p o i n t s  i s  due t o  the e f f e c t  of t he  
thermal conduc t iv i ty  of the tank i n s u l a t i o n .  Th i s  parameter was 
va r i ed  from 5 x t o  8 x lo-' Btu/hr f t  OR, the  higher  p o i n t s  
r ep resen t ing  t h e  lower va lue .  No s a f e t v  f a c t o r  was a p p l i e d  f o r  
e i t h e r  of t he  c a s e s  being compared. For very low v a l u e s  of  the 
parameter kP,  a disadvantage r e s u l  cs because the  inc rease  i n  t ank  
weight i s  g r e a t e r  t h a n  t he  decrease i n  i n s u l a t i o n  weight which be- 
c m e s  diminishingly small .  I n  view of t he  as,r-imptions t h a t  tend 
t o  favor the unvented system, i t  would appear t h a t  ar. iw.provement 
of up  t o  3% might be r e a l i z e d .  The a c t u a l  op t imiza t ion 'p rocedure  
would r e s u l t  i n  choice of t he  most f avorab le  tank p res su re  f o r  t he  
i n s u l a t i o n  system t o  be used. Figure 11-6 g i v e s  the  minimum in -  
s u l a t i o n  th i ckness  r equ i r ed  as a f u n c t i o n  of thermal conduc t iv i ty .  
I n s u l a t i o n  d e n s i t y  has  a n e g l i g i b l e  e f f e c t  on t h i s  requirement.  
The curve of Figure 1 1 - 2  i s  i n -  
C ,  THERMODYNAMIC VENT SYSTEM 
Ii1 a v e h i c l e  coas t ing  i n  space,  t he  f a m i l i a r  e f f e c t  of g r a v i t y  
a c t i n g  t o  a t t r a c t  matter toward a p a r t i c u l a r  d i r e c t i o n  r e l a t ive  t o  
the v e h i c l e  i s  e s s e n t i a l l y  absen t .  T h i s  is  because t h e  v e h i c l e  i s  
e s s e n t i a l l y  f r e e  of e x t e r n a l  f o r c e s ,  and i s  a c c e l e r a t i n g  o r  f r e e  
f a l l i n g ,  along with i t s  r o n t e n t s ,  i n  accordance wi th  t h e  l o c a l  grav-  
i t a t i o n a l  f i e l d .  The small f o r c e s  t h a t  a c t u a l l y  ex is t ,  i nc lud ing  
aerodynamic drag and s o l a r  winds p l u s  g r a v i t y  g r a d i e n t  e f f e c t s ,  may 
amount t o  IO-" g o r  l e s s .  
I n  a zero-g o r  we igh t l e s s  environment, t h e  s t a t i c  l i qu id -gas  
Configurat ion i s  determined by the  tendency f o r  t h e  l i q u i d  t o  w e t  
s o l i d  m a t e r i a l s  ( f o r  most l i q u i d s  inc lud ing  l i q u i d  hydrogen), and 
the e f f e c t  of su r f ace  t ens ion  t h a t  causes  l i q u i d  gas  i n t e r f a c i a l  
su r f aces  t o  a c t  a s  s t r e t c h e d  membranes. For t h e  tank conf igu ra t ion  
considered he re  with a 59. u l l a g e  volume i n  a zero-g environment, 
t he  gas  can be predicted t o  be contained i n  one o r  more s p h e r i c a l  
bubbles located randomly w i t h i n  t h e  tank.  I n  theory,  the small ac- 
c e l e r a t i o n  e f f e c t  caused by f o r c e s  a c t i n g  on t h e  v e h i c l e ,  i f  a c t i n g  - 
i n  an a x i a l  d i r e c t i o n ,  i s  s u f f i c i e n t  t o  r e l o c a t e  t h e  u l l a g e  gas  t o  
the  end of the tank. Under such a n  a c c e l e r a t i o n  f i e l d  ( l e s s  than 
g )  , however, t h e  energy r equ i r ed  t o  produce l a r g e  s c a l e  l i q u i d  
motion is  extremely small. Such energy can r e su l t  from a t t i t u d e  
changes o r  puls ing of a t t i t u d e  c o n t r o l  t h r u s t e r s .  It is, t h e r c f o r e ,  





















































The requirement f o r  admi t t i ng  only gas  t u  the  tank ven t  system 
can be ci.-cumvented by use of the thermodynamic ven t  system (Ref- 
erences 2 ,  3 ,  and 4 ) .  I n  t h i s  concept,  l i q u i d  msy be admitted t o  
t he  ven t  system. On e n t r y ,  i t  passes  through a p re s su re  redGcing 
device such as  an o r i f i c e .  Beyond the pressure reducer i s  a hea t  
exchanger located wi th in  the tank and/or 3n the tank w a l l .  
t he  l i q u i d  vent  f l u i d  e n t e r s  the hea t  exchanger a t  a p re s su re  s ig -  
n i f i c a u t l y  below t h a t  of the tank,  i t s  b o i l i n g  temperature i s  r e -  
duced. Thus, b o i l i n g  hea t  t r a n s f e r  from the tank a n d  i t s  contained 
f l u i d  t akes  place u n t i l  the l i q u i d  i s  f u l l y  vaporized.  The hea t  
exchanger i s  s i zed  Lo allow the vaporized f l u i d  t o  reach essen- 
t i a l l y  the temperature of t he  t a n k  c o n t e c t s .  The vent  f l u i d  the re -  
by lealies the tank with approximately the same hea t  content  a s  i f  
i t  had been vented d i r e c t l y .  
When 
While the  c o n t r o l  of the gas p o s i t i o n  i n  a tank is d i f f i c u l t ,  
i t  i s  r e l a t i v e l y  easy t o  p o s i t i o n  l i q u i d  t o  a vent i n l e t .  This  can 
be done with a c a p i l l a r y  device working on the  f a m i l i a r  p r i n c i p l e  
of  the b l o t t e r .  However, i n  a ve ry  low g r a v i t y  environment, c l o s e l y  
separated p l a t e s  of sheet: metal  spaced one inch or  l e s s  a p a r t ,  a c t  
e f f e c t i v e l y  as  a b l o t t e r  o r  c a p i l l a r y  sump. Some c a r e  m u s t  be taken 
t o  prevent t h i s  sump frorn r e c e i v i n g  excessive hea t  t h a t  might blcck 
i t s  a c t i o n  by evaporat ion.  I n  a d d i t i o n  t o  thermal i s o l a t i o n  from 
the v i c i n i t y  of t he  tank w a l l ,  use can be made of the hea t  exchanger 
t o  a s s u r e  t h a t  t h e  sump does not  overheat .  
Other problems t o  be concerned with i n  the use of the thermody- 
namic ven t  system include prevent ion of f r eez ing  of the l i q u i d  hy- 
drogen on e n t r y  due t o  too low a reduced p res su re ,  and design of t he  
hea t  exchanger t o  l i m i t  thermal s t r a t i f i c a t i o n  i n  the tank t o  a n  
accep tab le  va lue .  The u s e  of  a powered mixer t o  accomplish the l a t -  
t e r  may be necessary,  but  t h i s  approach becomes decreasi . igly a t t r a c -  
t i v e  a s  t he  mission du ra t ion  i n c r e a s e s .  
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D. INSULATION COOLING 
1. Heac Leak Reduction by Cooling wi th in  Tank I n s u l a t i o n  System 
Resu l t s  of  the  eva lua t ion  of  t he  d i r cc t -ven ted  and unvented 
referc-nze veh ic l e  conf igu ra t ions  f o r  t y p i c a l  i n s u l a t i o s  cha rac t e r -  
i s t i c s  i n d i c a t e  t h a t  the most signiaficant pa th  f o r  hea t  flow t o  
the tank i s  through the  tank i n s u l a t i o n  system. A promising means 
f o r  reducing t h i s  hea t  input  is t o  i n t e r c e p t  p a r t  of i t  wi th  t h e  
bo i lo f f  gas .  Several  approaches can be v i s u a l i z e d  f o r  accomplish- 
i ng  t h i s  improvement. 
It can be shown t h a t  t he  maximum reduc t ion  of h e a t  f l u x  should 
be obtained when the  vent  gas  i s  used t o  cool  a l l  l a y e r s  o f  t h e  
i n s u l a t i o n  blanket  from i n s i d e  o u t .  Because t h e  vent  gas  must be 
contained so a s  t o  prevent  gas  condiiction w i t h i n  t h e  i n s u l a t i o n ,  
t h i s  approach can be dismissed f o r  t he  p re sen t  time a s  being o f  
ques t ionable  p r a c t i c a l i t y .  A second approach would be t o  i n s t a l l  
a conduct ive l a y e r  (such as l i g h t  gage s h e e t  aluminum), w i t h  h e a t  
exchanger a t t ached ,  w i t n i n  t h e  i n s u l a t i o n  b lanket .  
Since the  tank being considered i s  mounted w i t h i n  2 load ca r ry -  
i n g  shroud, a more p r a c t i c a l  approach would be t o  d i v i d e  t h e  insu-  
l a t i o n  i n t o  two b lanke t s ,  tank- and sh roud-m-n ted ,  w i th  t h e  hea t  
exchanger between the  two. For t h i s  i n su la t ;  n conf igu ra t ion ,  t h e  
hea t  exchanger can be phys ica l ly  and thermally a t t a c h e d - t o  e i t h e r  
t h e  o u t e r  su r f ace  o f  t h e  tank-mounted b l anke t  o r  t h e  inne r  s u r f a c e  
o f  t he  shroud-mounted b lanket .  An a l t e r n a t i v e  concept i s  t o  i n -  
s t a l l  t he  hea t  exchanger between the  two, w i t h  a minimum o f  physi-  
c a l  con tac t .  Radiant h e a t  t r a n s f e r  i s  t h e  means, i n  t h i s  ca se ,  by 
which hea t  i s  in te rcepced  by t h e  hea t  exchanger.  Th i s  approac: 
appears  t o  o f f e r  s u f f i c i e n t  p r o d u c i b i l i t y  advantages t o  j u s t i f y  
i t s  f u r t h e r  cons idera t ion .  Therefore ,  a d e t a i l e d  a n a l y s i s  o f  t h i s  
conceZt was undertaken. 
As wi th  most analyses ,  s imp l i fy ing  assumpt iom were requ i r ed  
t o  render  the  problem t r a c t a b l e  t o  a reasonably manageable approach. 
The hea t  t ransEer  along t h e  f o i l s  of  t h e  i n s u l a t i o n  b l anke t s  i s  
expected t o  be q u i t e  high compared t o  t h e  f l u x  through t h e  b l anke t .  
Therefore ,  t he  assumption was made t h a t  this conduction was i n f i -  
n i t e ,  making each o f  t h e  i n s u l a t i o n  s u r f a c e s  i so thermal .  Th i s  re- 
duces the  problem t o  a s i n g l e  dimension. An a l t e r n a t i v e  approach 
was t o  assume no conduction whatever a long t h e  annulus .  A compari- 
son of prel iminary ana lyses  based on t h e s e  assumptions l ed  t o  t h e  
conclusion t h a t  t he  one-dimensional ca se  was s l i g h t l y  conse rva t ive .  
Th i s  conclusion has confirmed by a more d e t a i l e d  a n a l y s i s  t h a t  was 
l a t e r  made on the  b a s i s  o f  zero  conduction f o r  a s i n g l e  example. 
I 1 '  
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I d e a l l y ,  m d t i l a y e r  i n s u l a t i o n  i s  a se r i ek  of r a d i a t i o n  s h i e l d s .  
The t r a n s f e r  of heat  through such an i d e a l  arrange.nent of  r e f l e c -  
t i v e  l a y e r s  depends on t h e  f 3 u r t h  powers of t h e  l a y e r  temperatures .  
Eence, the  e f f e c t i v e  thermal conduc t iv i ty  i s  s t r o n g l y  dependent on 
the  ope ra t ing  temperature o f  t he  i n s u l a t i c n .  I n  p r a c t i c e ,  t he  as -  
sembly of  such i n s u l a t i o n  in t roduces  a d d i t i o n a l  conduction between 
ad jacent  l a y e r s  caused by con tac t  w i t h  each o t h e r  x w i t h  spacer  
ma te r i a l .  This conduction i s  more nea r ly  p ropor t iona l  t o  tempera- 
t u r e  d i f f e r e n c e ,  a l though t h e  conduct iv i ty  of  t he  spacer  may a l s o  
inc rease  a s  temperature increases. The e f f e c t i v e  conduc t iv i ty  of  
t he  combined system is  h ighly  dependent on temperature .  
when hea t  is removed from an in te rmedia te  l a y e r ,  reducing its 
temperature,  t h e  s t eady- s t a t e  t enpe ra tu res  o f  a l l  t h e  l a y e r s ,  ex- 
cep t  t h e  f ixed  temperature hot  and cold s i d e s ,  a r e  reduced. Thus, 
i n  a d d i t i o n  t o  d i v e r t i n g  p a r t  of the h e a t  o u t  o f  t h e  i n s u l a t i o n  
system, t h e  performance of  t h e  i n s u l a t i o n  is a l s o  inproved. It is 
the re fo re  clear t h a t  t h e  model used t o  r ep resen t  t h e  i n s u l a t i o n  
thermal conduct iv i ty  is of cons iderable  importance t o  t h i s  ana ly-  
sis. 
erties o f  aluminized mylar and a nylon spacer  mater ia1  w a s  used. 
Th i s  i n s u l a t i o n  thermal conduct iv i ty  model i s  descr ibed  i n  Appen- 
d i x  A, and is given by t h e  equation: 
A s i m p l e  model o f  a mul t i l aye r  i n s u l a t i o n ,  based on the prop- 
k(T2,T1) = e f f e c t i v e  b lanket  thermal conduc t iv i ty  for sur- 
f ace  temperatures  o f  T,, T1, Btu/hr f t  'R 
a = apparent  f r a c t i o n  o f  t o t a l  a r e a  occupied by 
spacer  ma te r i a l  i f  assumed t o  be s o l i d  and i n  
p e r f e c t  con tac t  w i th  r a d i a t i o n  s h i e l d s ,  s d  i n -  
c ludes  t h e  e f f e c t  of con tac t  r e s i s t a n c e  
u = Stefan  B o l t t a a M  cons tan t  
p and 7 = c o e f f i c i e n t s  i n  t h e  eqca t ion  E(T) = B + yT 
r(T) = emiss iv i ty  of f o i l  rnater la l  a t  temperature T 
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t 
6 and q = c o e f f i c i e n t s  d e f i n i n g  the space r  ma te r i a l  t h e r -  - mal conduc t iv i ty  i n  the express ion  k 
spacer  
, Btu/hr  f t  O R  
N = number of r e f l e c t i v e  s h i e l d s  p e r  f t  
2 .  The Rad ia t i cn  Problem i n  the  Region between the  h o  I n s u l a t i o n  
Blankets 
A t  t h c  h e a r t  of the  i n s u l a t i o n  coo l ing  problem i s  a three-body 
r a d i a t i o n  s i t u a t i o n  involv ing  t h e  exposed s u r f a c e s  of the  two i n -  
s u l a t i o n  b l anke t s  and the  hea t  exchanger tubes i n  the  r eg ion  be- 
tween t h e  b l anke t s ,  each of which w i l l ,  i n  g e n e r a l ,  be a t  d i f f e r e n t  
temperatures.  By assuming t h a t  each of t h e s e  t h r e e  s u r f a c e s  is 
i so thermal ,  t h e  r a d i a t i o n  a n a l y s i s  becomes t r a c t a b l e .  For t h e  
sake of t h i s  a n a l y s i s ,  conduct ion l i n k s  between t h e  hea t  exchanger 
and t h e  i n s u l a t i o n  s u r f a c e s  t h a t  might be added i n  an a c t u a l  sys-  
t e m  are not  cons idered ,  because t h e i r  e f f e c t  would be t o  improve 
the  performance of the  h e a t  exchanger and complicate t h e  a n a l y s i s .  
Consider two i n f i n i t e  p a r a l l e l  p l anes ,  a t  temperatures TI and 
Since  nothing i s  
T,, and between than  h e a t  exchanger tubes o f  d iameter  d and t e m -  
p e r a t u r e  T a t  a spac ing  L, as i n  F igu re  11-7. e' 
l o s t  (and much gained) by making the  h e a t  exchange- tubes a s  b l ack  
a s  poss ib l e ,  t h e i r  e m i s s i v i t y  and a b s o r p t i v i t y  w i l l  be t a k a  a s  
u n i t y .  The i n s u l a t i c n  s u r f a c e s ,  on the  o t h e r  hand, should have 
e m i s s i v i t i e s  as low a s  p o s s i b l e  t o  minimize t h e  o v e r a l l  hea t  t r a n s -  
f e r .  The e m i s s i v i t y  and a b s o r p t i v i t y  o f  each p lane  w i l l  hence be 
taken t o  be E, a r b i t r a r y  i n  magnitude (and assumed independent of 













Figure 11-7 The Annulus Radiation Problem 
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Because o f  t he  assumptions of Lniform temperatures  and gray- 
By symmetry, we  can cons ider  on ly  
ness ,  t he  a n a l y s i s  can be c a r r i e d  ou t  i n  a very straightforward 
manner us ing  P o l j a k ' s  method. 
the  segment between the  two dashed l i n e s  i n  F igu re  1 1 - 7 .  Since 
t h e  energy c ross ing  each dashed l i n e  from l e f t  t o  r i g h t  i s  i n  every 
respect t he  same a s  the  energy c ross ing  from r i g h t  t o  l e f t ,  t h e r e  
i s  no l o s s  of rLgor e n t a i l e d  i n  p o s t u l a t i n g  t h a t  the  tube "sees" 
only the  two p lane  segments between the  two dashed l i n e s  ( a s  i f  
t h e  dashed l i n e s  were p e r f e c t  r e f l e c t o r s ) ,  and t h a t  they i n  t u r n  
"see" only  each o t h e r  and t h e  tube .  Thac i s ,  t h e  r a d i a t i o n  ba l -  
ances  are t ;me  a s  they would be i f  a l l  t h e  energy l eav ing  the  
tribe went . . J L  tc m e  o r  t h e  o t h e r  o f  t h e  p l ace  segments (ha l f  
t o  tdCh, s i n c e  tkr :&e r a d i a t e s  uniformly i n  a l l  d i r e c t i o n s ) ,  and 
rrd - of  the  energy leaving  each p lane  went f i r s t  t o  t h e  tube and t h e  i L  
rest d i r e c t l y  t o  t h e  o t h e r  plane segment. 
Le t  R 1 ,  R, and R be t h e  t o t a l  r a d i a t i o n  leaving  t h e  s u r f a c e s  
a t  T1, T, and T r e s p e c t i v e l y ,  p e r  u n i t  t i m e .  S ince  t h e  tube i s  




R = nd u T" e e 
The r a d i a t i o n  leaving  each p lane  s e g r i n t  c o n s i s t s  of emit ted r a d i -  
a t i o n  and a r e f l e c t i o n  of t h e  r a d i a t i o n  reaching  the  p lane  segment 
from the  tube and t h e  o t h e r  p lane  segment. On the b a s i s  o f  t he  
d i scuss ion  o f  t h e  preceding paragraph,  t h e  r e s u l t i n g  equat ions  
a r e  : 
We wish t o  f ind  t h e  net r a d i a t i o n  a r r i v i n g  a t  t h e  hea t  exchanger 
tube and t h e  coo le r  o f  t h e  t w o  p lane  segments. I f  t hese  n e t  r a d i -  
ac ion  f luxes  a r e  ca l l ed  Q and Q1, r e s p e c t i v e l y ,  then e 
nd 
2L e Qe = - (R1 i- R2) - R 






Solving [2], [ 3  
and s u b s t i t u t i n g  i n  
, and [ 4 ]  simultaneously f o r  R1, R, and Re,  
[ 5 ]  and [6] y i e l d s  
u xd 
e 
1 T; - Tf xd 2L + - (T: - T f )  U L  [1 2 - nd/2L) - 1  Q1 = ($ - ’) (1 - nd/2L 
o r ,  expressing both per  u n i t  a r ea  of  e i t h e r  p l a n e  su r face :  
CY (T: + T; - 2 Te) nd = where F 1 - 1 1  2L - + - - I  
F E  
qe 
The above a n a l y s i s  cons ide r s  the tubes on ly  a s  r a d i a t o r s  ( o r  
r a d i a t i o n  abso rbe r s ) .  
can be achieved by a t t a c h i n g  a f i n  t o  t h e  h e a t  exchanger tube.  
I n  o rde r  t o  conserve the  small  a v a i l a b l e  c l ea rance  between t h e  
hea t  exchanger and t h e  i n s u l a t i o n  s u r f a c e s ,  the f i n  should be f l a t  
and mounted p a r a l l e l  t o  t h e  i n s u l a t i o n  b l a n k e t s .  
conducted t o  determine t h e  v i ew”fac to r  o f  such a f i n  d e s i g n .  
A g r e a t e r  r a d i a t i v e  a r e a  per  u n i t  weight 
An a n a l y s i s  was 
The case  analyzed considered a 4 - in .  wide f i n  a t t ached  l eng th -  
w i s e  t o  the s p i r a l  hea t  exchanger tube w i t h  30-in.  v e r t i c a l  spac- 
i ng  between convolut ions.  T:ie t ube  was assumed t o  be shadowed by 
t h e  f i n  and i t s  a r e a  was neg lec t ed .  T h i s  f i n  was loca ted  midway 
between the  i n s u l a t i o n  b l anke t  s u r f a c e s  t h a t  were sepa ra t ed  by 
fou r  inches.  
f o r  p r a c t i c a l  assembly of  t h e  t ank  and n e a t  exchanger w i t h i n  a 
shroud f o r  a n  S-IVB s c a l e  system. A f i n  wid th  o f  twice t h e  sepa- 
r a t i o n  d i s t a n c e  between i t  and t h e  s u r f a c e s  viewed i s  assumed to  
be g r e a t  enough to approach t h e  po in t  of  diminishing r e t u r n s .  
Th i s  spacing w a s  ‘chosen a s  a probable lower l i m i t  
Separate  computer programs were used to determine black and 
gray body view f a c t o r s  f o r  t h i s  f i n  arrangement. The e m i s s i v i t y  
o f  t he  f i n  was taken a s  0.95, and t h e  e m i s s i v i t y  o f  t h e  s u r f a c e s  
o f  t he  i n s u l a t i o n  b l anke t s  was v a r i e d  a s  a parameter, both sur- 
f ace  e m i s s i v i t i e s  being equal  f o r  a given c a s e .  D i f fuse  r c f l e c -  
t i v i t y  was assumed i n  a l l  ca ses  F i g u r e  11-8 g ives  t h e  r e s u l t s  
of t h i s  a n a l y s i s ,  where t h e  view f a , c t o r g i s  def ined by t h e  equa- 





w i t h  
Qi,* = hea t  flow between f i n  and tank- or shroud-mounted 
i n s u l a t i o n  s u r f a c e ,  
Al = a r e a  o f  f i n ,  one s i d e  on ly ,  
T,,Tl = temperatures o f  i n s u l a t i o n  s u r f a c e  and f i n .  
The assumption of d i f f u s e  r e f l e c t i v i t y  s t r o n g l y  in f luences  t h e  re- 
s u l t  given i n  F igu re  11-8. As t h e  i n f r a r e d  r e f l e c t i v i t y  becomes 
more specu la r ,  t he  hea t  exchanger wi' . l  see more o f  t h e  i n s u l a t i o n ,  
and f o r  small r a t i o s  of  hea t  exchanger t o  i n s u l a t i o n  area, t h e  
f a c t o r  3 w i l l  approach t h e  = n i s s i v i t y  o f  t h e  f i n ,  r e g a r d l e s s  o f  
t he  i n s u l a t i o n  emis s iv i ty .  On the  o t h e r  hand, a s  t h e  f i n  a r e a  is 
inc reased ,  t h e  r a d i a t i v e  coupl ing can never exceed t h a t  o f  i n f i -  
n i t e  p a r a l l e l  p l a t e s ,  because o f  t h e  i n c r e a s i n g  tendency o f  t h e  
hea t  exchanger to view i tself ,  t h a t  i s ,  f o r  t h e  l i m i t i n g  case: 
where 
A; = i n s u l a t i o n  blanket  s u r f a c e  a r e a ,  
€1 = f i n  e m i s s i v i t y ,  
c . ~  = i n s u l a t i o n  b l anke t  s i x f a c e  e m i s s i v i t y .  
However, a s  t h i s  l i m i t i n g  c a s e  i s  approached, the two i m u l a t i o n  
su r facec  cease t o  see each o t h e r ,  and a l l  h e a t  i s  t r a n s f e r r e d  v i a  
t h e  hea t  exchanger. I n  g e n e r a l ,  a s  t h e  hea t  exchanger coupl ing 
t o  the blanket  s u r f a c e s  i n c r e a s e s ,  t h e  coupl ing between t h e  blan- 
k e t s  dec reases ,  r e s u l t i n g  i n  f u z t h e r  improvement o f  the h e a t  ex- 
changer e f f e c t i v e n e s s .  
des ign  w i l l  r e q u i r e  test  d a t a  on t h e  a c t u a l  s u r f a c e  material com- 
b i n a t i o n s  t o  be used. The ana lyses  t h a t  have been performed i n d i -  
c a t e  t h a t  t h e  optimum p i t c h  f o r  a spiral-wound h e a t  exchaqger could 
be 3 f t  o r  more, and i s  very u n l i k e l y  t o  be less than 1 f t  f o r  any 
ma te r i a l  combination. 
The op t imiza t ion  o f  t h e  h e a t  exchanger 
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I t  i s  d e s i r a b l e  t o  keep the  e m i s s i v i t y  of  t h e  b lanket  s u r f a c e s  
a s  low a s  poss ib l e  because these  su r faces  r ep resen t  r e f l e c t i v e  
l a y e r s  w i th in  t h e  o v e r a l l  i n s u l a t i o n  system wi th  almost p e r f e c t  
s epa ra t ion .  A minimum emiss iv i ty  would perhaps be achieved by 
using a very open n e t  f o r  t h e  s t r u c t u r a l  cover  l a y e r  of  t h e  in su -  
l a t i o n  b l anke t ,  pe rmi t t i ng  a s  much v i s i b i l i t y  of  t he  r e f l e c t i v e  
f o i l  a s  poss ib l e .  For  t h e  r e s u l t i n g  composite s u r f a c e ,  t he  e f f e c -  
t i v e  emis s iv i ty  can probably be determined on ly  by experiment .  
The a n a l y s i s  descr ibed  below r e f e r s  t o  t h e  r a d i a t i o n  coupl ing 
a n a l y s i s  f o r  t h e  c i r c u l a r  t ubes .  I n  the computer s o l u t i o n  o f  t h e  
problem, hc-$ever, both conf igu ra t ions  have been cons idered .  
3 .  The Complete Analys is  
The hea t  removed by t h e  h e a t  exchanger i s  equal  t o  the  e n t h a l -  
py ga in  of t he  vent  gas .  Tnus, 
where ti i s  the  t o t a l  r a t e  o f  b o i l o f f  from t h e  v e s s e l ,  a Is t h e  
f r a c t i o n  of  t h e  t o t a l  b o i l o f f  pass ing  through t h e  h e a t  exchanger, 
h(T) i s  t h e  gas  en tha lpy  a s  a func t lon  of temperature  ( a t  the ap- 
p r o p r i a t e  p re s su re ) ,  T i s  t h e  h e a t  exchanger tube temperature ,  e 
and 40 i s  the  ves se l  temperature .  The o v e r a l l  s i t u a t i o r ,  being 
analyzed i s  diagramed i n  F igure  11-9. 
The t o t a l  b o i l o f f  r a t e  i s ,  i n  t u r n ,  g iven  by 
where ql i s  the  hea t  flow r a t e  i n t o  the v e s s e l  pe r  u n i t  a r e a ,  A 
i s  the  t o t a l  ves se l  s u r f a c e  a r e a ,  Q i s  t h e  t o t a l  hea t  f l u x  e n t e r -  
i ng  the  ves se l  o t h e r  'ihan through i n s u l a t i o n  (assumed above),  and 
h i s  the  en tha lpy  change per  u n i t  mass between the s to red  l i q u i d  
and the  vented g a s .  
The h e a t  f lux  pe r  u n i t  mass i n t o  the vessel and from the 
shroud, r e s p e c t i v e l y ,  a re  
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and 
q3 = (1 - x ) H  (400 - T2) k (400,T2) [ 1 2 1  
where H i s  the t o t a l  i n s u i a t i o n  th i ckness ,  x i s  the  f r a c t i o n  of 
the i n s u l a t i o n  on the v e s s e l  s u r f a c e ,  and k(Thot’Tcold) i s  the 
i n s u l a t i o n  conduc t iv i ty  a s  given by Equation i l l  ( o r  some modifi-  
c a t i o n  of Equation [ l ] )  . 
t h a t  
F i n a l l y ,  conservat ion of  energy r e q u i r e s  
9, = q3 - q l  
seven unknowns 91, q3, qe, T 1 ,  T,, Te ,  and t~ i n  terms o f  known x, 
H, Q, R ,  L ,  E, and i n s u l a t i o n  and gas  p r o p e r t i e s .  
131 
Thus, w e  now have seven equa t ions ,  [ 7 ]  through [13], f o r  t he  
The equat ions a-:e solved by an i t e r a t i v e  procedure.  We begin 
by picking a Te, and guessing a T 1  and T,. 
wi th  h(T) given by Reference 5 and k T 
111 ,  Equations [9] through [131 can be sol*Jed e x a c t l y  a s  before  
f o r  x ,  91,  q?, qe, and nb ( f o r  some given H, R ,  L ,  and E ) .  
ca lcu la t ed  values  of q1 and q allow new va lues  of T1 and T, t o  be 
ca l cu la t ed  from Equations [7 ]  and [ 8 ] ,  and these  values  can then 
be used t o  a r r i v e  a t  a new s o l u t i o n  t o  t h e  equa t ions  of t h i s  s e c -  
t i o n .  Th i s  i t e r a t i o n  process  i s  continued u n t i l  a s a t i s f a c t o r y  
s o l u t i o n  i s  obtained.  By r epea t ing  t h e  e n t i r e  procedure f o r  sev- 
era;  values  of T 
s e t  of  va lues  H, R ,  L ,  E can be found ( t h a t  i s ,  the  value o f  x 
t h a t  l eads  t o  minimum 41). 
i n  a la-cer s e c t i o n .  
With t h e s e  v a l u e s ,  and 
given by Equation ( hot  ’Tcold) 
The 
e 
the proper i n s u l a t i o n  d i s t r i b u t i o n  (x) f o r  t h i s  e’ 
R e s u l t s  of  t hese  c a l c u l a t i o n s  a r e  given 
4. C a t a l y t i c  Convtrsion of Para- t o  Orthohydronen 
As a p a r t  of  t he  a n a l y s i s  of i n s u l a t i o n  coo l ing ,  t he  use of  
c a t a l y t i c  r e a c t o r s  W F ~  considered.  By conversion o f  t he  vapor i n  
the  hea t  exchanger from i t s  o r i g i n a l  parahjjdrogen s t a t e  t o  equi-  
l i b r ium cond i t ions ,  t h e  hea t  s i n k  c a p a c i t y  of t h e  vented f l u i d  i s  
increased.  The inco rpora t ion  of para-or tho conve r t e r s  i n f l u e n c e  
only Equa;,c.is [9] dnd 1101 involving t h e  en tha lpy  Lain of t he  
vent g a s .  By appropr i a t e  modificaLion of t hese  equacions,  t he  
e f f e c t s  of  one n r  two d i s c - e t e  r e a c t m s  and :hat f o r  a continuous 
r e a c t o r  i n  the i n s u l a t i o n  hea t  exchanger were ob ta ined .  ResulLs 
n 
MCR-69-405 11-29 ! 
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t h a t  a r e  given l a t e r  i n d i c a t e  a s i g n i f i c a n t  advantage t o  be gained 
from each o f  t hese  a l t e r n a t i v e s .  No s i g n i f i c a n t  change i n  the  
optimum i n s u l a t i o n  b l anke t  th icknesses  r e s u l t e d  from the  incorpo-  
r c t i o n  of  para-  t o  orthohydrogen conversion.  
5. Expansion Engines 
The use of  an  e f f i c i e n t  energy conversion device  t o  improve 
the  performance o f  t he  vent  system was a l s o  cons idered .  Th i s  would 
be accomplished by reducing the  p re s su re  of  t he  gas through a tu r -  
b ine  o r  o t h e r  s u i t a b l e  engine,  e x t r a c t i n g  power i n  t h e  form of  
e l e c t r i c a l  energy,  and t r a n s m i t t i n g  t h a t  energy o u t s i d e  the  system 
boundary. I n  t h i s  process ,  t h e  gas  temperature  i s  reduced, i n -  
c r eas in2  t h e  r e f r i g e r a t i o n  capac i ty  o f  t h e  downstream hea t  ex- 
changer.  I n  eva lua t ing  such expanders, i t  was assumed t h a t  a 100% 
e f f i c i e n t  expander would e f f e c t  a n  i s e n t r o p i c  en tha lpy  r educ t ion ,  
and a less e f f i c i e n t  expander would reduce t'7e gas  en tha lpy  by a 
p ropor t iona te ly  sma l l e r  amount. The t o t a l  en tha lpy  change i n  
Equation [9] , then ,  was t h e  parahydrogen entl tdlpy a t  f i n a l  equi-  
l i b r ium temperature and near-zero p re s su re ,  minus the  ves se l  d i s -  
charge en tha lpy ,  p lus  t h e  en tha lpy  r educ t ion  i n  t h e  expander .  
Expanders were i n v e s t i g a t e d  i n  terms o f  both expander e f f i -  
c iency  and t h e  degree  o f  c loseness  t o  thermal equ i l ib r ium (with 
t h e  hea t  exchanger tubes)  o f  t h e  e n t e r i n g  g a s .  I t  was found t h a t ,  
t o  be of  very much va lue ,  an expander would have t o  be extremely 
e f f i c i e n t  and even then  would not  be a s  e f f e c t i v e  a s  a para-or tho  
conve r t e r ,  A 20% e f f i c i e n t  expander,  f o r  example, d id  not  meas- 
urab ly  decrease  the  amount o f  b o i l o f f  from t h e  tank.  I n  f a c t ,  i n  
most cases  the  b o i l o f f  i nc reased .  ( I f  t h e  gas  i s  not  brought o u t  
o f  t h e  ves se l  a t  t h e  lowest  poss ib l e  p re s su re ,  i t  w i l l  not  have 
achieved the  maximum amount of d i r e c t  cool ing  o f  the  s to red  l i q u i d .  
The d i f f e r e n c e  can be s i g n i f i c a n t  because o f  t h e  dependence o f  
en tha lpy  on p res su re  a t  low temperatures . )  
pander provided a s l i g h t  g ross  improvement i f  i t  rece ived  the  gas  
a t  thermal equi l ibr ium:  approximately 50 pounds of  hydrogen over  
120 days,  perhaps not  enough t o  j u s t i f y  t h e  e x t r a  weight and com- 
p l i c a t i o n  introduced by t h e  expander i t s e l f .  A 90% e f f i c i e n t  ex- 
pander would save  over  100 pounds g ross  i f  i t  rece ived  gas  a t  
thermal equi l ibr ium,  o r  about  60 pounr's i f  t h e  gas  Lad only  been 
heated t o  a midpoint between t h e  vessel  temperature  and the  hea t  
exchanger equ i l ib r ium temperature .  
A 50% e f f i c i e n t  ex- 
I t  was t h e r e f o r e  concluded t h z t  f o r  t y p i c a l  e f f i c i e n c i e s  o f  
expansion engines ,  no s i g n i f i c a n t  n e t  g a i n  could be r e a l i z e d .  
This  conclusion wculd not  n e c e s s a r i l y  be v a l i d  Tor systems i n  
which, f o r  o t h e r  reasons ,  t he  hydrogen r s  s to red  a t  much h igher  
p re s su res .  
4 
i 
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6 .  System Optimization 
An op t imiza t ion  a n a l y s i s  was conducted t o  determine the  i m -  
pro;'ement t h a t  could be obtained for  a system u t i l i z i n g  the  vent 
gas t o  reduce heat  leakage through t h e  i n s u l a t i o n .  A comparison 
was made wi th  a system u t i l i z i n g  a s i n g l e  i n s u l a t i o n  b l anke t  of  
optimum thickness  appl ied t o  t h e  t ank .  The e f f e c t i v e  o v e r a l l  t h e r -  
mal conduc t iv i ty  and i n s t a l l e d  i n s u l a t i o n  d e n s i t y  were va r i ed  as 
i nd e p e nd en t par a me t e r  s . 
The following sssumptions and ground r u l e s  were used: 
a) I n i t i a l  temperature o f  l i q u i d  hydrogen was 10°R; 
b) Tank p res su re  c o n t r o l l e d  throughout mission t o  main- 
t a i n  40°R l i q u i d  temperature;  
c) A f ixed weight o f  77,330 l b  was assumed f o r  each c a s e  
t o  inc lude  t ank ,  l i q u i d  hydrogen, i n s u l a t i o n ,  h e a t  ex- 
changer system, and shroud; 
~~ 
d) The f ixed  t o t a l  weight is  obtained by adjustment of 
t h e  tank b a r r e l  s e c t i o n  and shroud l eng ths ,  w i th  a t -  
tendant  changes i n  tank, shroud, i n s u l a t i o n ,  and l i q -  
uid weigh'-s. The t ank  b a r r e l  s e c t i o n  weight is  taken 
a s  137.2 Lb/ft  length.  
e)  The shroud was assumed to  extend 1 f t  beyond t h e  t ank  
a t  top and bottom and i t s  weight was ad jus t ed  t o  ac-  
count f o r  changes i n  l e n g t h  and diemeter ,  assuming 
shroud weight = 25 x l eng th  x r a d i u s  ( l b ) .  A f i x e d  
annular  gap of 4 i n .  between i n s u l a t i o n  b l anke t s  was 
assumed, the shroud diameter  being ad jus t ed  accord- 
i ng ly ;  
f )  The hea t  exchanger weight was assumed t o  be 443 .5  l b  
and d i s c r e t e  para-or tho conve r t e r s  were taken t o  weigh 
20 l b  each, bu t  t h2  continuous conve r t e r  weight was 
neglected ; 
g) Heat leakage i n t o  the  tank i n  a d d i t i o n  t o  t h a t  t h o u g h  
the  i n s u l a t i o n  was taken ta be 30 Btu/hr; 
h) Shroud temperature was 400'R; 




The r e s u l t s  of t h i s  op t imiza t ion  a n a l y s i s  a r e  presented i n  
Tables  11-1 and 11-2. For the  cases  preser.ted, s t roud  and tank- 
mounted i n s u l a t i o n  su r race  temperatures  ranged from 183 t o  154"R 
f o r  t h e  h e a t  exchanger only  case  and from 167 t o  122"R f o r  t h e  
cases  wi th  para- to-or tho conversion. Vent gas d ischarge  tempera- 
t u r e s  ranged from 178 t o  144"R without  and from 158 t o  122OR wi th  
conversion. I n  gene ra l ,  t hese  temperatures decreased as t h e  in-  
s u l a t i o n  thermal conduc t iv i ty  increased.  
It i s  i n t e r e s t i n g  t o  note  t h a t  a g a i n  is i nd ica t ed  f o r  a l l  of 
t he  cases  considered,  inc luding  t h a t  f o r  an  i n s u l a t i o n  d e n s i t y  o f  
1 l b / f t 3  and an  e f f e c t i v e  i n s u l a t i o n  thermal conduc t iv i ty  o f  4.5 
x B t u / f t  h r  OR. It  is  w e l l  t o  no te ,  however, t h a t  t h i b  re- 
s u l t  i s  s t r i c t l y  dependent on t h e  assumption t h a t  t he  temperature  
of  t h e  l i q u i d  hydrogen remains c o n s t a c t  throughout t h e  mission 
wi th  vent ing  requi red  from t h e  beginning.  For  t h e  h igher  perfo.  ,. 
ance i n s u l a t i o n  systems, a l lowing only  a fcw degrees  temperatur t  
r i se  of t h e  hydrogen would postpone t h e  requirement  f o r  vent ing  
f o r  a l a r g e  p a r t ,  i f  no t  a l l ,  o f  t h e  mission.  I t  can be concluded 
from t h i s  s tudy  t h a t  t h e  use of  b o i l o f f  gas  t o  i n t e r c e p t  and re- 
duce h e a t  leakage o f f e r s  d e f i n i t e  advantages f o r  long  term space 
s t o r a g e  o f  hydrogen, bu t  t h a t  "long term" is  dependent on the per-  
fcrmance o f  t h e  tank i n s u l a t i o n  systems, and may be i n  excess of 
120 days fox t h e  more favorable  i n s u l a t i o n  m a t e r i a l s  a v a i l a b l e .  


































































































E .  STRUCTURAL HEAT LEAK 
J 
Analyses were conducted t o  d termine t h e  h e a t  l e a k  t o  the  hy- 
drogen tank cont r ibu ted  by t h e  s t r u c t u r a l  suppor t  members. Th i s  
a n a l y s i s ,  a s  w e l l  as t h a t  f o r  t h e  t ank  p ip ing  connect ions,  was ac-  
complished l a r g e l y  through t h e  use of  a s t e a d y - s t a t e  thermal ne t -  
work computer program. Th i s  program uses  convent ional  f i n i t e  d i f -  
fe rence  techniques f o r  d r i v i n g  node temperatures  t o  va lues  t h a t  
r e s u l t  i n  no h e a t  g a i n  o r  l o s s  by t h e  node. An i n p u t  r o u t i n e  i s  
incorporated t o  se t  up a r b i t r a r y  networks from d e s c r i p t i v e  node 
names des igna t ing  conductor connect ions.  
be assigned f ixed  temperatures ,  and nodes can be b iased  w i t h  f ixed  
e x t e r n a l  hea t  Fluxes. Provis ion  is made to g a i n  a c c e s s  to s e v e r a l  
p o i n t s  i n  the  program f o r  a u x i l i a r y  sub rou t ines  that can be used 
f o r  so lv ing  s p e c i a l  problems, such a s  t h e  computation o f  e x t e r n a l  
f l uxes  f o r  s imula t ion  of hea t  exchanger ope ra t ion .  Thermal con- 
d u c t i v i t y  da t a  f o r  a number o f  m a t e r i a l s ,  i nc lud ing  a l l  considered 
i n  t h i s  s t u s y ,  a r e  incorpora ted  i n t o  t h e  program. Conductor va lues  
a r e  ca l cu la t ed  on t h e  b a s i s  of t he  e f f e c t i v e  thermal conduc t iv i ty  
o f  t h e  ma te r i a l ,  which is obtained by i n t e g r a t i o n  o f  a thermal 
condur t iv i ty  versus  temperature  c .we f i t  polynomial between t h e  
end po in t  temperatures .  T h e r w i  -onduc t iv i ty  d a t a  was obta ined  
from seve ra l  sources ,  i i icludiilg e s t  r e s u l t s  on composite m a t e r i a l s  
and s t r u c t u r a l  components obtained i n  t h i s  program and r epor t ed  i n  
Chapter I V  of  t h i s  r e p o r t .  
Any number o f  nodes can 
I n  o rde r  t o  p r e d i c t  h e a t  f l u x  caused by t h e  t ank  suppor t  s t r u c -  
t u r e  €or  t h e  r e fe rence  v e h i c l e ,  i t  i s  necessary  t o  assume a load 
on the  ind iv idua l  members. Th i s  i s  because t h e  thermal conductance 
o f  t h e  s tacked washer assembly and t h e  s p h e r i c a l  bear ings  a r e  de-  
pendent on appl ied  - rce a s  w e l l  a s  tempera ture .  I n  a zero  g r a v i t y  
environment, t h e  fu!2y loaded tank imposes no load on t h e  suppor t  
s t r u c t u r e .  Hobever, i t  i s  w e l l  to ques t ion  whether this no-load 
condi t ion  resclts i n  very  l o w  loads  on t h e  i n d i v i d u a l  members. 
Because t h e  tubu la r  s t r u t s ,  i n  t h e  case  o f  t h e  lower t ank  suppor t ,  
a r e  connectea t o  form a t r u s s ,  they  may a c t  t o  load each o t h e r .  
Unless the  adjustment o f  t h e  l e n g t h  of each member can be  made so 
a s  t o  r e s u l t  i n  p r e c i s e l y  t h e  c o r r e c t  l e n g t h  a f t e r  thermal con- 
t r a c t i o n  has occurred,  such l o a d i q  w i l l  be induced. 
i i y  be shown t h a t  each 0.001 i n .  o f  d i screpancy  i n  l e n g t h  o f  a 
s t r u t  over and above any f r e e  motion i n  t h e  s; stem, can r e s u l t  i n  
a loading on t h e  order of  100 l b .  
mal con t r ac t ion  t h a t  does occur  c f t e r  i n s t a l l a t i o n  of t hese  mem- 
b e r s ,  i t  appears  ve ry  doubt fu l  t h a t  force*  on t h e  o r d e r  o f  a few 
pounds can oe r e a l i z e d .  Therefore ,  f o r  t h i s  a n a l y s i s ,  loadings  
It can read-  





of  100- and 1000-lb fo rce  have been considered.  R e s u l t s  of t h e  
a n a l y s i s  f o r  the t i t an ium re fe rence  v e h i c l e  s u p p x t  system a r e  a s  
fol lows : 
Lower S t r u t  (72 s t r u t s )  - 
100-ib fo rce  0.36 Btu/hr  each 25 .9  Btu/hr  t o t a l  
1000-lb fo rce  0.71 Btu/hr each 51.1 Btu/hr t o t a l  
Upper S t a b i l i z e r  Supports (24 supports)  - 
100-lb fo rce  0.32 Btu/hr  each 7.7 Btu/hr  t o t a l  
1000-lt. f o rce  0.74 Btu/hr  each 17.8 Btu/hr  t o t a l  
To ta l  S t r u c t u r a l  Heat Leak - 
100-lb fo rce  33.6  Btu/hr 
1000-15 fo rce  68 .9  Btu/hr  
It has been assumed t h a t  a l l  of t h e  support  members a r e  w e l l  
i n s u l a t e d .  The e f f e c t  o f  a h e a t  f l u x  over  t he  a r e a  o f  the tube 
o f  0.1 B tu fh r  ft",  t o  r e p r e s e n t  t h e  hea t  ga in  through the  i n s u l a -  
t i o n ,  has  been evaluated and found t o  r e s u l t  i n  a n e g l i g i b l e  e f -  
f e c t .  However, the absence of  i n s u l a t i o n  on the s t r u t  may i n c r e a s e  
t h e  hea t  f l u x  by a f a c t o r  of  2 o r  more, depending on the a r e a  of  
t he  s t r u t  not  protected by t h e  tank i n s u l a t i o n .  I t  is of  i n t e r e s t  
t o  no te  t h a t  t h e  s p h e r i c a l  bear ings a r e  more effec:ive i n  reducing 
hea t  f l u x  throzgt. t h e  t i t an ium lower support  members than a r e  the  
s tacked washers.  Th i s  r e s u l t s  d i r e c t l y  from the  na tu re  o f  the 
tes t  d a t a  obtained f o r  t hese  components a s  presented i n  Chapter 
IV . 
Nonmetallic composite s t r u c t u r a l  m a t e r i a l s ,  such a s  g l a s s  
epoxy arid boron epoxy, d i s p l a y  s i g n i f i c a n t l y  lower r a t i o s  of  t h e r -  
m a l  conduc t iv i ty  t o  s t r e n g t h  than metals such a s  t i t an ium o r  s t a i n -  
less s teel .  They also have favorable  s t rength- to-weight  r a t i o s .  
The use of t hese  m a t e r i a l s  was t h e r e f o r e  evaluated a s  a means of  
reducing s t r u c t u r a l  heat  l e a k .  Th i s  was accomplished by consider-  
i ng  the  same b a s i c  support  system, wi th  composite t u b u l a r  suppor t s  
r e p l a c i n g  thk t i t an ium suppor t s .  The p re l imina ry  design o f  t h e s e  
members is discussed i n  Ckapter 111 of t h i s  r e p o r t .  
Thermal analyses  of t h e  g l a s s  and boron composite s t r u t s  were 
accomplished i n  the  same manner a s  f o r  t he  t i t an ium s u p p o r t s .  
Sphe r i ca l  bear ings a r e  included,  and t h e  thermal performance i s  
dependent on load.  Loadings of  100- and 1000-lb f o r c e  were a s -  
sumed. The following r e s u l t s  were obtained:  
i 
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Lower S t r u t  (72 s t r u t s )  - 
S-Glass Epoxy Support Tube, 1.157 i n .  O.D. ,  1.049 i n .  I.D., 
12.75 i n .  tube length  ( inc lud ing  i n s e r t s )  - 
100-lb fo rce  0.120 Btu/hr each 8.64 Btu /hr  t o t a l  
1000-lb fo rce  0.147 Btu/hr  each 10.58 Btu/hr  t o t a l  
Boron Epoxy Support Tube, 0 -810 i n .  0 . D . ,  0.750 i n .  I .D. 
p l u s  a s i n g l e  l aye r  of S-g lass  epoxy overwrap, 12.?5 i n .  
tube l eng th  ( inc luding  i n s e r t s )  - 
100-lb force  0 .I49 Btu /hr  each 10.73 Btu/hr  t o t a l  
1000-lb fo rce  0.189 Btu/hr  each 13.61 Btu/hr  t o t a l  
Upper S t a b i l i z e r  Support (24 supports)  - 
S-Glass Epoxy Support Tube, 0.820 i n .  O.D., 0.750 i n .  I.D., 
12.5 i n .  tube l eng th  ( inc luding  i n s e r t s )  - 
100-1b fo rce  0.064 Btu/hr  each 1.54 Btu/hr  t o t a l  
1000-lb fo rce  0.072 Btu/hr  each 1.73 Btu/hr  t o t a l  
To ta l  S t r u c t u r a l  Heat Leak - 
S-Glass Epoxy, Upper and Lower Supports - 
100-lb fo rce  10.2 Btu/hr  
1000-lb fo rce  12.3 Btu/hr 
Boron Epoxy Lower and S-Glass Epoxy Upper Supports - 
100-lb fo rce  12.3 Btu/hr 
1000-lb fo rce  15.3 Btu/hr 
Because the  upper s t a b i l i z e r  suppor t  i s  designed f o r  t ens ion  
loading only,  boron epoxy was no t  considered f o r  t h i s  a p p l i c a t i o n .  
The above r e s u l t s  i n d i c a t e  t h a t  S -g la s s  epoxy o f f e r s  a s l i g h t  i m -  
provement over  t he  boron epoxy f o r  t h i s  a p p l i c a t i o n .  However, t he  
support  members considered a r e  designed p r imar i ly  f o r  t ens ion  
loading.  I f  t he  tube loading is pr imar i lv  t n  compression, boron 
epoxy may g ive  t h e  b e s t  r e s u l t s .  
i n  hea t  l e a k  can be achieved w i t h  e i t h e r  of t hese  ma te r i a l s .  It 
is noted t h a t  t he  g raph i t e  epoxy composites,  which a r e  s t r u c t u r a l l y  
very a t t r a c t i v e ,  have m c h  h igher  thermal conduct iv i ty  cha rac t e r -  
i s t i c s  and would not  be s u i t a b l e  f o r  t h i s  a p p l i c a t i o n .  
A very s i g n i f i c a n t  r educ t ion  
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The use of  g l a s s  eFoxy s t r u c t u r a l  elements iil t nc  tank support  
s y s t e m  is recommended f o r  long term hydrogen s t o r a g e  as a means 
of reducing b o i l o f f  l o s s e s .  The p o s s i b l e  f u r t h e r  r educ t ion  c f  
b o i l a f f  by using the vent  gas t o  i n t e r c e p t  h t r t  e n t e r i n g  through 
the  support  members was considered.  The phys ica l  connection of a 
hec t  exchanger system t o  72 lower s t r u t s  snd/oi 24 upper s t a b i l i z -  
e r s  i s  a formidable design problem. I t  would h e  f u r t h e r  compli- 
cated by the  p-oblem of a t t a c h i n g  t h e  h e a t  excharlger a t  t he  o p t i -  
mum l o c a t i o n  on the support  Th i s  would vary with vent  gas  t e m -  
pe ra tu re  around the  tank, assuming the suppor t  tubes t o  be cooled 
i n  s e r i e s .  
The design conf igu ra t ion  i n  which t h e  t ank  i n s u l a t i o n  is d i -  
vided i n t o  two b lanke t s ,  tank- and shrocd-mounted, w i th  a hea t  
exchanger between, o f f e r s  a p o s s i b l e  a l t e r n a t i v e  approach. By 
leaving t h e  c e n t r a l  p a r t  of  t h e  support  tube un insu la t ed ,  i t  w i l l  
view the annular  r e g i a n  and hea t  w i l l  be t r a c s f e r r e d  by r a d i a t i o n  
from the  support  t o  t he  h e a t  exchanger and i n s u l a t i o n  blanket  s u r -  
f aces .  An e v a l u a t i o n  of t h i s  mode o f  suppor t  cool ing f o r  g l a s s  
and boron tube designs i n d i c a t e s  t h a t  h e a t  f l u x  reaching t h e  t ank  
through the  support  members can be reduced by 25 to 40%, depending 
on the  e m i s s i v i t y  of  t h e  tube s u r f a c e .  However, t h i s  process  does 
not  r e s u l t  i n  optimum i n t e r c e p t i o n  of the h e a t  f low. The re fo re ,  
f o r  t a c h  Btu i n t e r c e p t e d ,  2.5 o r  more Btu are added t o  t h e  annu la r  
r eg ion ,  and consequently t o  t h e  i n s u l a t i o n  h e a t  exchanger load .  
It i s  t!  r e f o r e  concluded t h a t  i n t e r c e p t i o n  o f  support  h e a t  l e a k  
by use I 1 ven t  gas i s  n o t  f e a s i b l e .  
i 
I 
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F. PIPE HEAT LEAK AND COOLING 
I 
A major source of  h e a t  l eak  t o  the p i o p e l l a n t  tank is  the 
combination of pipes which a r e  as:;umed t o  connect the tank t o  the 
400"R shroud. The pipes  considered i n  t h i s  a n a l y s i s  a r e  intended 
t o  approximate those incorporated on the  SIV-B s t age  hydrogen 
tarik. A p a i r  of 0.078-in. w a l l ,  s t a i n l e s s  s t e e l  p ipes ,  6 i n .  in  
ou t s ide  diametec and 164 i n .  i n  t o t a l  Lmgth, were assumed as the 
f i l l  and d r a i n  and vent  l i n e s .  A 90" bend w a s  assumed a t  32 i n .  
from each end of each p i p e .  The o t h e r  pipe considered is the feed 
pipe loca ted  a t  the tank bottom. This pipe was assumed t o  be 
f ab r i ca t ed  of 0.188-in. t h i c k  s t a i n l e s s  s t e e l  tub ing ,  10 i n .  i n  
ou t s ide  diameter .  Two l eng ths ,  36 i n .  and 60 i n .  were analyzed 
as probable l i m i t s .  A 0.375 x 0.035 x 160-in. s t a i n l e s s  instrumenta-  
t i o n  l i n e  w b s  tound t o  con t r ibu te  a n e g l i g i b l e  h e a t  leak .  
The i n t e r n a l  pipe r a d i a t i o n ,  thermal conduct iv i ty  of the p ipe ,  
and h e a t  added through t h e  pipe i n s u l a t i o n  were considered i n  the 
d e t e r m k a t i o n  of the  temperature d i s t r i b u t i o n  and h e a t  f l u x  along 
clie var ious  pLpes. I n t e r n a l  pipe r a d i a t i o n  e f f e c t s  were t r e a t e d  
paramet r ica l ly  f o r  a range of e m i s s i v i t i e s  from 0.15 t o  1.0, where 
0.6 w a s  assumed as a r e p r e s e n t a t i v e  value for s t a i n l e s s  s t e e l .  
Thermal conduct iv i ty  of t he  s t a i n l e s s  steel  pipe w a s  t r e a t e d  as a 
func t ion  of temperature,  based on d a t a  presented i n  Reference 6,  
and is represented  by the  fol lowing expression:  
k = 4.422 x lo'* + 0.027942 T1 - 0.29233 T1 .' 
+ 0.00767345 'I? B t u / h r  f t  OR 
A heat  input  of 0.1 Btu/hr f t "  was appl ied  over the t o t a l  pipe 
a r e a  t o  r ep resen t  hea t  gained through the  pipe i n s u l a t i o n .  This 
would be achieved phys ica l ly  by varying t h  Pumber of l aye r s  of 
mul t i l aye r  i n s u l a t i o n  as a func t ion  of the pipe temperature pro- 
f i l e  so a s  t o  minimize temperature g rad ien t s  a long the i n s u l a t i o n  
l aye r s .  
The a n a l y s i s  of the hea t  f l u x  t o  the  tank and the corresponding 
p i p e  temperature p r o f i l e  w a s  accomplished by us ing  two d i g i t a l  
computer programs. 
body view f a c t o r s ,  a, assoc ia t ed  wi th  i n t e r n a l  r a d i a t i o n  h e a t  
t r a n s f v  . , h a r a c t e r i s t i c s  of  the  p ipes .  This  program cons ide r s  
d i f f u s e  grey o r  b lack  body r a d i a t i o n  only.  The 6- in .  diameter  x 
164-in.  long p i p e s  were separa ted  i n t o  two 32-in.  long s e c t i o n s ,  
one a t  each end of a 100-in.  long s e c t i o n .  The ends were con- 
s idered  t o  be d i s c s  having an emis s iv i ty  of 1 f o r  a l l  cases .  
The f i r s t  determined the b l ack  body and grey 
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Each 32- in .  long s e c t i o n  was considered t o  be a t  90' t o  the 100- 
i n .  s e c t i o n .  Each bend was considered t o  be s imula ted ,  from an 
i n t e r n a l  r a d i a t i o n  po in t  of view, by a d i s c  having an emis s iv i ty  
of 1. Each d i s c  w a s  d iv ided  i n t o  4 nodes wi th  the 32- in .  long 
s e c t i o n s  having 5 equa l  a r e a  nodes and the  100-in.  long s e c t i o n  
having 10 equal  a r e a  nodes.  The 10- in .  diameter pipes  conta ined  
14 equal  area nodes i n  the  pipe and 4 --des i n  each end d i s c .  
The output  (iFA f a c t o r s )  were appropr:  i e l y  summed f o r  each node 
and pipe end and used as inpu t  t o  the  second cozputer  program. 
This  program simultaneously cons idered  the i n t e r n a l  r a d i a t i o n ,  
p ipe  conduct ion,  and e x t e r n a l  f l u x  s imula t ing  i n s u l a t i o n  h e a t  
l e a k .  
The h e a t  added t o  t h e  tank by the  two 6 x 0.078 x 164-in.  l i n e s  
w a s  found to b e  2.5 Btu/hr  each, and was independent of i n t e r n a l  
e m i s s i v i t y  Over t h e  range of 0.15 t o  1. F igure  11-10 shows the  
dependence of h e a t  f l u x  to  the tank  on i n t e r n a l  s u r f a c e  e m i s s i v i t y  
for t h e  10-in.  O.D. x 0.188 w a l l  s t a i n l e s s  s teel  p ipes  f o r  36 and 
60-in.  l eng ths .  For  t h e  nominal e m i s s i v i t y  of 0 .6 ,  va lues  of h e a t  
f l u x  were 29 and 19.6 Btu/hr ,  r e s p e c t i v e l y .  F igures  11-11, 11-12, 
and 11-13 g ive  temperature  p r o f i l e s  of t he  t h r e e  p ipes  cons idered  
f o r  t h e  uncooled case. 
t h e  6 x 164-in.  pipe,  and l i t t l e  e f f e c t  of e m i s s i v i t y  w a s  found 
f o r  t h e  10- in .  p ipes .  
No e f f e c t  of e m i s s i v i t y  can b e  noted f o r  
The use of ven t  gas LO reduce the  h e a t  l e a k  through the  10- in .  
feed  l i n e  w a s  i nves t iga t ed  i n  d e t a i l  f o r  t he  36-in.  long case .  
Emiss iv i ty  of t he  i n t e r n a l  pipe su r face  was taken as 0.6.  A h e a t  
exchanger was assumed i n  a l l  cases  t o  be made of  s t a i n l e s s  steel  
tubing welded o r  brazed- to the  t ank  w a l l .  I n  view of the  l i g h t  
weight of t h i s  tub ing ,  assumed t o  be no l a r g e r  than 0.375 in.  i n  
d iameter ,  the  h e a t  exchanger w a s  assumed t o  be  adequately s i z e d  
t o  ope ra t e  wi th  no more than 5"R temperature d i f f e r e n c e  between 
the  coo lan t  gas  and the  p ipe .  
Two cases were cons idered .  F i r s t ,  l o c a l  cool ing  of a smal l  
reg ion  of the p ipe  was eva lua ted  f o r  t he  case where s e v e r a l  h e a t  
exchangers are connected i n  t :e r ies .  For t h i s  case, maximum h e a t  
r educ t ion  t o  the  tank  wi th  a ainimum inc rease  i n  ven t  gas  tempera- 
t u r e  i s  sought .  The second cise assumes p a r a l l e l  connect ion of 
h e a t  exchangers,  wi th  the  ven t  gas  a r r i v i n g  a t  the  h e a t  exchanger 
a t  near  tank  temperature.  Here the  v e n t  gas  is allowed to h e a t  
t o  whatever temperature r e s u l t s  i n  maximum cool ing .  For t h i s  
c a s e ,  the hea t  exchanger starts a t . a n  optimum po in t  on t h e  pipe 
and cont inues  outward t o  near  t he  ho t  end. This  a n a l y s i s  is  a l s o  
v a l i d  f o r  the l a s t  of s e v e r a l  se r ies -connec ted  h e a t  exchangers ,  for 
which the  e n t e r i n g  coo lan t  temperature  may be s i g n i f i c a n t l y  g r e a t e r  
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Figure 11-12 Temperature Profile of 10-in. O.D. x 0,188-in. Wall x 36-in. 
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Distance Along Pipe ( i n . )  
Figure 11-13 Temperature Profile of 10-in. x 0.188-in. Wall x 60-in. 
Stainless  Steel  Pipe 
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The pipe coo l ing  ana lyses  were accomplished by s o l u t i o ?  of 
the s t e a d y - s t a t e  network a n a l y s i s  w i th  h e a t  exchanger ope ra t ion  
simulated by e x t e r n a l  h e a t  f l uxes  o u t  of the pipe a t  appropr i a t e  
po in t s .  Gaseous para-hydrogen p r o p e r t i e s  w e r e  incorpora ted  i n t o  
the computer program, and these cool ing  f l u x e s  were continuously 
c a l c u l a t e d  through the i t e r a t i o n  procedure on the b a s i s  of pipe 
temperature and gas flow rate.  
F igure  11-14 p r e s e n t s  the e f f e c t  of placement of t h e  local, or 
series, h e a t  exchanger. For 120°R e n t e r i n g  gas temperature,  i t  
is noted t h a t  minimur hea t  f l u x  t o  the tank  occurs  when t h e  h e a t  
exchanger is loca ted  a t  approximately 55 to 6oX of the  d i s t a n c e  
from the co ld  end f o r  hydrogen coo lan t  flow rates of 0.05 t o  0.15 
l b / h r .  This i n d i c a t e s  t h a t  optimum placement of a spot, o r  local, 
h e a t  exchanger is a func t ion  of e n t e r i n g  gas  temperature on ly .  
The r e l a t i o n s h i p  be tueec  coo lan t  temperature and optimum place-  
ment is given  i n  F igure  11-15. 
o p t h  h e a t  f l u x  to the tank f o r  the 36-in.  feed l i n e  f o r  v a r i o u s  
gas  temperatures and flow rates are g iven  i n  F igure  11-16, 
r e s u l t s  are f o r  optimum placement of the h e a t  exchanger as g iven  
in Figure  II-15. 
Resu l t s  of a survey to  determine t h e  
These 
For the second case of the  optimum leng th  h e a t  exchanger, the 
s i g n i f i c a n t  problem is t o  determine the  proper l o c a t i o n  f o r  t h e  
co ld  end of the h e a t  exchanger. I f  t h e  gas temperaeure is w a r m e r  
than the uncooled pipe temperature a r  t h e  en t r ance  o f  the h e a t  
exchanger, the  hea t  f l u x  through ti-? pipe may be increased.  Be- 
ginning  the  h e a t  exchanger too nea r  the h o t  end w i l l  r e s u l t  i n  a 
loss of  e f f i c i e n c y .  Unlike the l o c a l l y  cooled pipe case, the 
optimum placement of the co ld  end of the  h e a t  exchanger is depen- 
den t  on both  the gas i n l e t  temperature and the  flow rate. 
r e l a t i o n s h i p  f o r  the  10 x 36-in. feed l i n e  is shoun i n  F igure  11-17. 
The minimum h e a t  f l u x  to the  tank  is shown i n  F tgure  11-18 f o r  vari- 
ous i n l e t  temperatures and flow rates. 
sents a comparison between local and optimum length coo l ing  f o r  
a t y p i c a l  i n l e t  temperature t o  the h e a t  exchanger of 120OR. 
This  
F i n a l l y ,  F igure  11-19 pre-  
This a n a l y s i s  has assumed t h a t  the p ipes  w e r e  evacuated. 
presence of gaseous hydrogen would r e s u l t  i n  an  a d d i t i o n a l  h e a t  
f l u x  on the o r d e r  of 5 Btu/hr f o r  the 10 x 36-in. p i p e  and l e s s  
than 0.5 Btu f o r  the 164-in. p ipes ,  assuming only  gas  conduction 
i n  a we igh t l e s s  environmeut. I f  a p ipe  is open to  the tank  i n -  
tericr, i t  w i l l  be f i l l e d  wi th  vapor dur ing  the  long term c o a s t  
period. 
tank,  because the pipe temperature w i l l  be g r e a t e r  than the  b o i l i n g  
temperature of l i q u i d  hydrogen. For l a r g e  d iameter ,  s h o r t  p ipes ,  
the  i n s t a l l a t i o n  of a va lve  a t  or near  the tank  i n t e r f a c e  and t h e  
evacuation of the  l i n e  should be cons idered  as 3 means f o r  re- 
ducing b o i l o f f .  
The 
This  is t r u e  r e g a r d l e s s  of the l i q u i d  p o s i t i o n  i n  the 
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Figure 11-15 Opttmum &cation of Local Heat Exchanger as a Function of 
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Optimum Entrance Location, % of P i p e  Length from Cold End 
Figure 11-17 Optimum Placement of Beat Exchanger Inlet  as a Function of 






































1. Concept Descr ip t ion  
Methods f o r  i n t e rpos ing  a l a y e r  of hydrogen gap between the  
l i q u i d  hydrogen and the  tank wa l l  t o  reduce b o i l o f f  l o s s e s  were 
i n v e s t i g a t e d .  T h i s  i n t e r n a l  i n s u l a t i o n  Would not  be f o r  t h e  pur- 
pose of supplementing the  h igh  performance m u l t i l a y e r  i n s u l a t i o n  
app l i ed  t o  the  tank;  r a t h e r ,  i t  would be used i n  a r e a s  o f  high 
h e a t  leakage,  such a s  a tank d ischzrge  pipe,  t o  i nc rease  the  re- 
s i s t a n c e  between tile h e a t  l eak  cnd t h e  l i q u i d  hydrogen. Without 
such suppler*ental  i n s u l a t i o n  , t h e  temperature  a t  t h e  junc ture  of 
t he  p ipe  and tank w a l l  would be c lose  t o  l i q u i d  hydrogen temper- 
a t u r e  because of high h e a t  t r a n s f e r  c o e f f i c i e n t s .  
Two concepts  were inves t iga t ed ,  both depending on c a p i l l a r y  
( su r face  tens ion)  e f f e c t s .  I n  the  f i r s t  concept ,  a l a y e r  of 
honeycomb bonded t o  the tank wa l l  was used t o  p o s i t i o n  the  gas .  
A c a p i l l a r y  b a r r i e r ,  such a s  a woven screcn ,  was used t o  prevent  
in te rchange  of  l i q u i d  and g a s  i n  the  secoitd concept .  
The F r i n c i p l e  of the ht;neycomb concept i s  i l l u s t r a t e d  i n  Fig- 
ure 11-20a. A l aye r  of ho.leycomb, bonded t o  the  tank w a l l ,  i s  
assumed t o  be i n i t i a l l y  f i l l e d  wi th  l i q u i d .  AS hea t ing  of t h e  
w a l l  occurs ,  t h e  l i q u i d  w i l l  reach sacu ra t ion  temperature  and then 
begin t o  evapora te .  The l i q u i d  i n  t he  c e l l s  w i l l  be d isp laced  by 
vapor o r  w i l l  be e- pora ted .  I f  t h e  l i q u i d - s o l i d  con tac t  angle  i s  
i n  t h e  v i c i n i t y  of 90' o r  above, t he  l iquid-vapor  i n t e r f a c e  w i l l  
be s t a b i l i z e d  by c a p i l l a r y  f o r c e s  and the  vapor w i l l  be pos i t ioned  
so a s  t o  form a thermal r e s i s t a n c e  between the  tank wa l l  and the  
l i q u l d .  
I f  t he  c e l l s  of t he  honeycomb were c i r c u l a r ,  t h i s  explana t ion  
would be v a l i d  f o r  l i q u i d s  wi th  ze ro  o r  any con tac t  ang le .  
by t h e  na tu re  of i t s  cons t ruc t ion ,  honeycomb m a t e r i a l  has  sharp  
co rne r s .  A l i q u i d  with a ve ry  small  con tac t  a n g l e  w i l l  tend t o  
wet the  corner ,  drawing l i q u i d  a long  t h e  edges,  and the  l iqu id-gas  
i n t e r f a c e  w i l l  not  be s t a b l e .  C a p i l l a r y  s t a b i l i t y  i n  a round tube 
can be demonstrated by t h e  f a m i l i a r  soda straw experiment i n  which 
l i q u i d  can be pos i t ioned  above gas  i n  a small tube c losed  a t  t he  
upper end. The lack  of s t a b i l i t y  i n  a tube wi th  sha rp  co rne r s  has  
been demonstrated by a s i m i l a r  experiment, u s ing  a tube of diamond 
c ross - sec t ion  f a b r i c a t e d  from two p ieces  c f  c l e a r  p l a s t i c .  The 
major dimension of t h i s  c ros s - sec t ion  was made ve ry  small  (approxi-  
mately 0.05 i n . )  t o  assure t h a t  t h e  r e su l t  ob ta ined  was no t  
merely due t o  t h e  tube being g r e a t e r  t han  i t s  c r i t i c a l  dimension. 
However, 
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It was found t o  be impossible  t c  main';ain liqu'.d i n  c s t a t l e  con- 
d i t i o n  above the  gas  when a we t t ing  J iqdid  such a s  methanol was 
used. When the  tube,  i n i t i a l l y  empty of  l i q u i d ,  was immersed i n  
methanol *.lith the  open end up, t he  l i q u i d  en te red  and e v e n t u a i l y  
f i l l e d  thL tube completely. 
because the  con tac t  angle  of  l i q u i d  hydrogen wi th  a l l ,  o r  a t  
l c a s t  most s o l i d s ,  i s  i n  t h e  v i c i n t y  of O o ,  t h i s  conf igu ra t ion  is 
not  s a t i s f a c t o r y .  F igu re  I I -20b  shows the  a d d i t i o n  of a c a p i l l a r y  
b a r r i e r  p l a t e  over  the  honeycomb. With t h i s  a r r ingement ,  t h e  cap- 
i l l a r y  s t a b i l i t y  occurs  i n  a c i r c u l a r  h o l e  i n  t h e  b a r r i P r  p l a t e .  
That t h i s  arrangement s a t i s f a c t o r i l y  sol-  ., t h e  i n t e r f a c e  s t a b i l i t y  
problem can be demonstrated by assembling t h e  honeycomb and ba r r i e r  
p l a t e  i n  t he  bottom of  a con ta ine r .  With t!ie honeycomb i n i t i a l l y  
f i l l e d  wi th  a i r ,  the  con ta ine r  can be f i l l e d  w i t h  l i q u i d ,  and ve ry  
l i t t l e ,  :.f any, l i q u i d  w i l l  f i nd  i t s  way i n t o  t h e  honeycomb c e l l s .  
However, when t h i s  system i s  app l i ed  a s  in t e r s l a l  tank i n s u l a -  
t i o n ,  i t  i s  assumed t h a t  the  g a s  i n  t h e  c e l l s  i s  (or could be) 
vapor of the  l i q u i d  being contained.  I n  t h i s  ca se ,  i t  i s  c l e a r  
t h a t  t h e  b o i l  -ng t e r p e r a t u r e  exists a t  the  i n t e r f a c e .  Consider- 
ing  t h e  r e l a t i v e l y  high thermal conduc t iv i ty  of t he  l i q u i d  ( i n  2 
zero-gravi ty  o n v i r x m e n t ,  cr convect ion i n  a one-g environment), 
a r a t h e r  s t rong  ? o a t  f l u x  would be r equ i r ed  t o  main ta in  t h i s  tem- 
pe ra tu re  a t  the  i n t e r f a c e  i f  t h e  bulk  l i q u i d  were subcool.ed. I f  
t he  l i q u i d  a t  t h e  i n t e r f a c e  becomes coo le r  than t h e  s a t u r a t i o n  
temperature ,  condensat ion w i l l  begin t o  occur ,  a l lowing  l i q u i d  t o  
e n t e r  t he  honc:ycon,h c e l l .  Dependinb on t he  magnitude o f  the  h e a t  
f l u x ,  a pe rco la t ing  a c t i o n  tiould probably fo l low,  wi th  l i q u i d  a l -  
terna:.ely e n t e r i n g  and being evaporated o r  d i sp l aced  irom t h e  c e l l s  
u.".til the  l i q u i d  i n  the  v i c i n i t y  of t h e  b a r r i e r  p l a t e  comes t o  the  
s i t u r a t i o n  temperature ,  Therefore ,  t h i s  concept (as shown i n  Fig-  
u re  11-20b) does not appear  t o  be adequate  i f  subcooled l i q u i d  i s  
t o  be s t o r e d .  
For the  s p p l i c a t i o n  of t he  honeycomb i n s u l a t i o n  concept where 
subcooled l i q u i d  i s  t o  be conta ined ,  a thermal b a r r i e r  must be i n -  
terposed between t h e  c a p i l l a r y  b a r r i e r  p l a t e  and t h e  bulk  l i q u i d .  
F igure  11-2Oc shows the  use of  a convent ional  i n s u l a t i o n  m a t c r i a l  
such  as  foam f o r  t h i s  purpose. Th i s  i n s u l a t i o n  l a y e r  need no t  be 
sea l ed ,  and would i n  f a c t  be i n t e n t i o n a l l y  pe r fo ra t ed  i f  no t  i l l -  
h e r e n t l y  porous.  T h i s  l a y e r  of i n s u l a t i o n  mus- be s u f f i c i e n t  t o  
r e s u l t  in a temperature drop equal  t o  t h e  d i f f e r e n c e  between the  
b o i l i n g  and bulk temperatures  of t h e  l i q u i d  a t  t h e  minimum h e a t  
f l u x  a t  which the  system i s  L )  be opera ted .  When the  h e a t  f l u x  i s  
increased  above the  minirrum des ign  l e v e l ,  b o i l i n g  may occur  i n  t h e  
space between t h e  b a r r i e r  and t h e  supplemental l a y e r  0 2  i n s u l a t i o n .  
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This would cause the l i qu id -gas  i n t e r f a c e  t o  i r  t e n n i t t e n t l y  move 
away from the c a p i l l a r y  b a r r i e r  opening, bu t  would not r e s u l t  i n  
l i q u i d  e n t r y  i n t o  the  honeycomb c e l l .  Wher. l i q u i d  la te r  ret . rns  
t o  t h i s  v i c i n i t y ,  t h e  i n t e r f a c e  w i l l  imnediately form aga in  a t  the 
b a r r i e r ,  assuming a s u f f i c i e n t l y  small ho le  s i z e .  
The c a p i l  a r y  screen concept f o r  p o s i t i o n i n g  a g a s  l a y e r  a t  
the tank wal l  is equ iva len t  to t h e  honeycomb system w i t h  t h e  honey- 
comb removed. The c a p i l l a r y  b a r r i e r  or sc reen  i s  pos i t i oned  away 
from the  tank w a l l  wi th  s u i t a b l e  s t aadof f  mounting pos t s ,  and t h e  
additi . .ml i n  u l a t i o n  is pos i t i oned  above t h i s  po in t .  A small 
spacing between t h e  b a r r i e r  and the  convent ional  i n s u l a t i o n  l a y e r  
may o r  may not be d e s i r a b l e ,  depending probably on t h e  p r o p e r t i e s  
of  the conventional i n s u l a t i o n  material. 
case  where n a t u r a l  convection would not be expected, t he  two sys- 
tems should be almcst equ iva len t ,  w i t h  a weight advantage f o r  t h e  
screen system. 
E:sling to  prevent  migrat ion of f l u i d s  a c r o s s  the boundaries i s  
not required.  
tank p res su re  and i f  t he  t ank  p res su re  should change, t h e  p r e s s u r e s  
through the i n s u l a t i o n  would rcsp- 1 accordingly.  
For t h e  ze ro -g rav i ty  
An advantage of both of  these concepts i s  t h a t  
A l l  p a r t s  of t he  systems ope ra t e  a t  e s s e n t i a l l y  
For a p p l i c a t i o n  i n  a one-g environment, the honeycomb c e l l s  
sou ld  be s i zed  so as t o  e f f ec t i -ve ly  e l imina re  convection as a h e a t  
t r a n s f e r  mechanism. The dimensionless  parameter, Rayleigh number, 
c h a r a c t e r i z e s  the  n a t u r a l  convection of a c e l l .  Th i s  number i s  
def ined a s  follows: 
where : 
p = d e n s i t y  of gas 
g = g r a v i t a t i o n a l  a c c e l e r a t i o n  
d = c h a r a c t e r i s t i c  dimension of c e l l  
T = mean temperature 
k = thermal conduc t iv i ty  of  gas  
Cp = thermal capac i ty  of g a s  
AT = c!ifference i n  temperature a c r o s s  ce l l  
% = v i s c o s i t y  of gas a t  temperature T 
From Reference 7, i t  i s  est imated t h a t  t he  o n s e t  o f  convect ion i n  
a t y p i c a l  honeycomb c e l l  occurs  a t  a Rayleigh number of 7,000 t o  
10,000. For Rayleigh numbers s u f f i c i e n t l y  below t h i s  va lue ,  the 










approximate the  thermal conduc t iv i ty  of t he  p r o p e l l a n t  vapor.  I n  
the c a p i l l a r y  screen concept,  i t  i s  u n l i k e l y  t h a t  convection could 
be prevented i n  a one-g environment. Th i s  system would t h e r e f o r e  
on ly  be considered for ze ro -g rav i ty  a p p l i c a t i o n s .  
2 .  Appl i ca t ion  of I n t e r n a l  I n s u l a t i o n  
An a n a l y t i c a l  s tudy  was conducted t o  determine t h e  p o t e n t i a l  
f o r  improvement of a l i q u i d  hydrogen o r b i t a l  s t o r a g e  system by 
use of i n t e r n a l  i n s u l a t i o n  i n  t h e  v i c i n i t y  of s t r o n g  h e a t  l e a k  
p o i n t s .  For t h i s  a n a l y s i s ,  t h e  h e a t  l e a k  w a s  assumed t o  be a p ipe  
segment connected to  t h e  bottom of  t h e  tank.  
was assumed t o  be a t  40°R and t h e  o p p o s i t e  end of the  pipe con- 
nected t o  a cons t an t  temperature source a t  400°R. For purposes 
of t he  a n a l y s i s ,  t h e  bottom o f  t h e  t ank  w a s  s i m p l i f i e d  t o  a d i s k .  
Icternal i n s u l a t i o n  w a s  a p p l i e d  c o n c e n t r i c a l l y  a b o u t  t he  p ipe  
c e n t e r ,  and its th i ckness  and diameter were v a r i e d  as parar.. ters.  
Ex te rna l  i n s u l a t i o n  wi th  a n  assumed e f f e c t i v e  thermal c o n d u c t i v i t y  
of 5 x 
tank. 
The l i q u i d  hydrogen 
Btu/hr f t o R  and 2- in .  t h i ckness  w a s  a p p l i e d  t o  t h e  
The p ipe  w a s  assumed to  be p e r f e c t l y  i n s u l a t e d .  
A s t e a d y - s t a t e  thermal network a n a l y s i s  program was used t o  
determine t h e  h e a t  l e a k  due to t h e  pipe,  f i rs t  w i t h  no i n t e r n a l  
i n s u l a t i o n  and then w i t h  t h e  i n s u l a t i o n  a p p l i e d .  The p ipe  w a s  
d iv ided  i n t o  20 segments of equa l  l eng th ,  and t h e  thermal con- 
d u c t i v i t y  w a s  c a l c u l a t e d  €or each segment as a func t ion  o f  t e m -  
p e r a t u r e .  The tank w a l l  and t h e  i n t e r n a l  i n s u l a t i o n  were a l s o  
d iv ided  i n t o  20 r i n g  segments each, w i t h  thermal c o n d u c t i v i t i e s  
c a l c u l a t e d  as a func t ion  of temperature.  
in a l l  cases was assuned to  have a thermal c m d u c t i v i t y  equiva- 
l e n t  to  that of  hydrogen vapor.  
The i n t e r n a l  i n s u l a t i o n  
Approximately 25 c a s e s  with v a r i a t i o n  o f  t h e  v a r i o u s  parameters 
were eva lua ted .  
c a n t  of tht?e cases .  In spec t ion  of t h e s e  r e s u l t s  l e a d s  t o  the  
conclusion t h a t  a t  b e s t ,  t h e  use of  i n t e r n a l  i n s u l a t i o n  would re- 
s u l t  i n  a small improvement i n  o v e r a l l  performance. For those  
c a s e s  where a s i g n i f i c a n t  improvement i s  shown, a n  i n t o l e r a b l e  
h e a t  l e a k  exis ts  wi th  o r  w i thou t  t h e  i n t e r n a l  i n s u l a t i o n .  U n l e s s  
a combination of materials were chosen t o  g ive  a high h e a t  i npu t  
w i t h  a t ank  wall of low thermal conduc t iv i ty ,  the inprovement 
c l e a r l y  does not j u s t i f y  t h e  i n s u l a t i o n .  
Table 11-3 g i v e s  the resu l t s  of t h e  more s i g n i f i -  
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MCR-69-405 
Although i t  i s  concluded t h a t  the  i n t e r n a l  c a p i l l a r y  i n s u l a -  
t i o n  concept i s  not  app l i cab le  t o  long term space s to rage  of 
l i q u i d  hydrogen, o t h e r  p o t e n t i a l  a p p l i c a t i o n s  seem more promising. 
Th i s  i n s u l a t i o n  system appears  t o  o f f e r  advantages i n  cryogenic 
boos te r  tankage systems and f o r  ground s to rage  and t r a n s p o r t  of 
mild cryogens.  Subsequent t o  t h e  e f f o r t  descr ibed  above and i n  
Chapter I V ,  t h e  concept has  been i n v e s t i g a t e d  i n  g r e a t e r  d e t a i l  
f o r  l i q u i d  methane s to rage .  A t  the t i m e  o f  t h i s  w r i t i n g ,  t h e  
meri ts  of the  i n t e r n a l  c a p i l l a r y  (honeycomb) i n s u l a t i o n  system 
f o r  t h a t  a p p l i c a t i o n  appear  t o  warrant  f u r t h e r  r e sea rch  and de- 
ve l o  pme n t . 
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I1 I. PRELIMINARY DE SIGN 
A. INSULATION HEAT EXCHANGER AND TRUSS 
A conceptual  design and weight a n a l y s i s  was undertaken on a 
heat  exchanger t o  be mounted between t h e  i n s u l a t i o n  b lankets .  Be- 
cause  of t h e  l a r g e  d i f f e r e n c e  i n  s u r f a c e  a r e a  between t h e  hemi- 
s p h e r i c a l  tank d m e  and. c y l i n d r i c a l  shroud p lus  t h e  ends,  i t  i s  
Ges i rab le  t o  inco rpora t e  i n t o  t h i s  heat  exchsngcr a means f o r  sup- 
po r t ing  t h e  ou te r  i n s u l a t i o n  b lanket  i n  t h e  dome 3reas .  
posed design is shown i n  F igure  111-1. Arb i t r a ry  i n s u l a t i o n  
b lanket  t h i cknesses  a r e  shown, and a probable  minjmum tube  spac ing  
of 18 in .  has  been s e l e c t e d  f o r  t h e  s tudy.  
The pro- 
The dome tub ing  i s  supported on t h e  i n s u l a t i o n  support  t r u s s .  
The truss i s  a s i x - s t r u t  des ign  wi th  r i n g  frames on 36-in.  spacing.  
The s i x  s t r u t s  a r e  p in- jo ined  a t  t h e  dome-barrel j unc t ion  a s  shown 
i n  d e t a i l s  A and B of  F igure  111-1. The s t r u t - r i n g  frame j o i n t  
inc luding  a t y p i c a l  tube  support  i s  shown i n  s e c t i o n  C-C; s e c t i o n  
D-D shows a t y p i c a l  r i n g  frame i n s u l a t i o n  support  member j o i n t .  
The inne r  s t r a p  s t a b i l i z e s  t h e  i n s i d e  frame f lange .  The dome 
t r u s s  assemhly complete wi th  tube  s p i r a l  and i n s u l a t i o n  i t ,  i n -  
s t a l l e d  by means of b o l t s  a t  t h e  s i x  p i n  join’s. Support dome 
s e c t i o n  d e t a i l s  a r e  given i n  Table  111-1. 
The b a r r e l  s e c t i o n  tub ing  wrap i s  supported by t h e  s i x  t e n s i o n  
rods .  The end j o i n t s  of t h e  rods  are shown i n  d e t a i l s  A and B of 
Figure  111-1. 
end ( d e t a i l  B),  and an a d j u s t a b l e  screw f i t t i n g  i s  provided a t  t h e  
forward end (de ta i l  A).  
stress a t  i n s t a l l a t i o n  t o  a l low a small t ens ion  load t o  remain 
a f t e r  tank  shr inkage  dur ing  c o d  down. Relative p o s i t i o n s  o f  tank  
t o  shroud frame a r e  shown i n  d e t a i l  A f o r  room temperature  i n s t a l -  
l a t i o n ,  tank coo l  down (-423’F) and co ld  tank p lus  40 p s i  p re s su r -  
i z a t i o n .  D e t a i l  E shows a t y p i c a l  r i n g  j o i n t  a t  t h e  a f t  end o f  t h e  
t r u s s  t o  accomodate  t h e  t ank  d r a i n  l i n e .  
The rods  a r e  bo l t ed  t o  t h e  tank  t r u s s  a t  t h e  a f t  
The rods  a r e  pretensioned t o  42,000 p s i  
2he i n s t a l l s t i o n  procedure i s  descr ibed  i n  t h e  fol lowing s t e p s :  
Step 1 - With in su la t ed  tank  suspended wi th in  a handl ing r i n g  
a t  t h e  upper dome-barrel i n t e r s e c t i o n ,  i n s t a l l  and 
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I .  
I 
Locat ion and Pemarks 
Frame 1 
From the  upper 
the  s t r u t  cross-section 18 a f u l l  
I-beam. 
t o  the  upper frame, 
Frame 2 
One flange of t he  S t r u t  I-beam from 




Stru t  ha8 been t r i m e d  t o  a channel 
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Step 2 - Pos i t ion  i n s u l a t e d  t ank  and heat  exchanger in shroud 
s e c t i o n  of approximate l e n g t h  of tank b a r r e l  w t t h  
shroud i n s u l a t i o n  i n s t a l l e d ;  
Step 3. - Attach and a d j u s t  imer and 2 h m  upper tank suy.po+ts; 
Step 4 - I n s t a l l  p re insu la t ed  lower dcme truss.  Close out heat  
exchanger connect ions.  Close out  truss-mounted inz521_a- 
t i o n  blanket  t o  form staggered b u t t  j o i n t  w i t h  shroud- - gunted i n s u l a t i o n  b l anke t ;  
d l i n g  r i n g  and remove; 
Step 5 n s t a l l  lower shroud s k i r t .  T rans fe r  load from han- 
Step 6 - I n s t a l l  upper dome t r u s s  a s  it1 Step 4 ;  
Step 7 - I n s t a l l  upper bhroud s k i r t .  
The support  t r u s s e s  and r o d s  were cons t ruc t ed  o f  7075-T6 aliimi- 
num a l l o y  m a t e r i a l  and t h e  small  s t andof f  attachment t r u s s e s  o f  
g l a s s  f i lament  composite rods.  The heat  exchanger c o n f i g u r a t i o n  
shown, considered t o  be an adequately conse rva t ive  des ign ,  c o n s i s t s  
of  approximately 2000 f t  of 0.75 i n .  O.D. x 0.035 i n .  wall  al-iminum 
tubing.  The f i n  is a 0.005 x 4 i n .  aluminum s h e s t  'Jra2-d t o  t h e  
tube.  The tube and f i n  a r e  pa in t ed  f l a t  black t o  maximize i a d i a t i v e  
heat  t r a n s f e r .  
coup le r s .  Except f o r  t h e  close-out  connect ions,  t h e s e  j o i n t s  can 
be adequately l e a k  checked p r i o r  t o  i n s t a l l a t i o n .  
Lengths of  t u b i n g  a l e  joined by b raz ing  w i t h  sleeve 
The heat  exchanger tube is i n t e r n a l l y  p l a t e d  wi th  platinum o r  
coated w i t h  a more a c t i v e  c a t a l y s t  t o  e f f e c t  continuous conversion 
of  t h e  ven t  gas  t o  i t s  equ i l ib r ium para-or tho composition, The 
chemical k i n e t i c s  of t h i r  c a t a l y t i c  conversion p c o c ~ s s  were not  
f u l l y  evaluated.  Since flow i n  t h e  tube  i s  laminar i n  rtiost i n -  
s t a n c e s ,  t h e  inco rpora t ion  of  turbrilence p r m o t e r s  a t  t h e  tube  
j o i n t s  may be necessary t o  achieve near  complete conversion. I n  
any event ,  t e s t i n g  of t h e  c a t a l y t i c  conve r t e r  des ign  w i l i  be re- 
qu i r ed .  
The F-at exchanger i n s t a l l a t i o u  weight is i temized i n  Table  
I Z X - 9 .  From thir .  design a n a l y s i s ,  i t  is concluded t h a t  a r a d i a t i v e  
heat  exchanger s t r u c t u r e  supported from t h e  tank a t  t h e  upper and 
lower barrel-dome junc t ions  is p r a c t i c a l  and can be f - b r i c a t e d  a t  
ar  a t t r a c t i v e  weight when compared t o  p red ic t ed  b o i l o f f  l o s s  re- 
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Table 11-2 Weight Statement,  Liquid 
Hydrogen Tank Heat Ex- 
changer and I n s u l a t i o n  
Truss  (18-in. Tubing Spacing) 
Top Dome 
S t r u c t u r e  : 
S t r u t  P 
Ring Frames 
Insu1.at ion Supports 
Tank Attachment 




S t r u c t w e :  
R o d s  
F i t t i n g s  
Tubing 
Fin 
Heat Exchanger : 
A f t  Dome 
S t r u c t u r e  : 
struts 
Ring Fr-  a m e  s 




Xeat Exchanger : 
Tota l  





















3. INSULATION =STEM DESIGN 
A number of a t t r a c t i v e  concepts  €or assembling b l anke t s  of high 
performance m u l t i l a y e r  i n s u l a t i o n  have been developed. A l l  are 
based on t h e  use  of l i gh twe igh t  r e f l e c t i v e  f o i l s  such as aluminized 
mylar. 
t h e  method of minimizing conductive heat t r a n s f e r  between t h e  
f o i l s .  
va r ious  i n s u l a t i o n  systems, such a s  c r i n k l e d  mylar, ne t  o r  foam 
space r s  or flocked f o i l s .  
pa rame t r i ca l ly  i n  terms o f  its p r o p e r t i e s .  However, i n  e v a l u a t i n g  
t h e  des ign  of an i n t e g r a t e d  hydrogen s t o r a g e  system, c o n s i d e r a t i o n  
was given t o  t h e  assembly and i n s t a l l a t i o n  o f  t h e  i n s u l a t i o n .  
The primary po in t  of depa r tu re  among t h e s e  concepts  i s  i n  
It has not been a a  o b j e c t i v e  o f  t h i s  s tudy  t o  e v a l u a t e  t h e  
Rather ,  i n s u l a t i o n  has been considered 
For purposes of t h i s  s tudy ,  an  i n s u l a t i o n  system made up of 
aluminized mylar and a n e t  space r  material has been chosen. 
systems, cn t h e  b a s i s  of p a s t  i n v e s t i g a t i o n s ,  o f f e r  accep tab le  
thermal performance and e a s e  of handling. The f o i l  and n e t  space r  
system can be f a b r i c a t e d  a d  i n s t a l l e d  as preformed pane l s  and may 
of f e r  advantages i n  b lanket  t h i ckness  c o n t r o l .  The fo l lowing  para-  
graphs p re sen t  a des ign  concept f o r  a p p l i c a t i o n  of t h i s  t y p e  of 
i n s u l a t i o n  t o  t h e  two-blanket conf igu ra t ion  r equ i r ed  f o r  t h e  cooled 
i n s u l a t i o n  scheme. 
Such 
Double aluminized mylar, 0.15-mil t h i c k  wi th  800 Angstrom a l u -  
minum th i ckness  on each s i d e ,  is used f o r  t h e  r a d i a t i o n  s h i e l d s .  
The 0.15-mil mylar appears  t o  o f f e r  adequate s t r e n g t h  and a weight 
improvement Over 0.25-mil material. 
s e r i o u s  degrada t ion  of t h e  r e f l e c t i v e  c h a r a c t e r i s t i c s  of t h e  a l u -  
minum f i lm.  It is t h e r e f o r e  assumed that t h e  q u a l i t y  of t h e  re- 
f l e c t i v e  f i l m  w i l l  be cont inuous ly  monitored du r ing  f a b r i c a t i o n  
of t h e  b l anke t s ,  and t h a t  t h e  i n s u l a t i o n  w i l l  be maintained i n  a 
mois ture- f ree  environment a t  a l l  t i m e s  t h e r e a f t e r .  Th i s  would be 
accomplished by main ta in ing  a d ry  n i t r o g e n  purge on the sys t - a  
dur ing  s t o r a g e ,  shipment, and assembly of t h e  s t age .  Because of 
t h e  1ar;e expense and t i m e  that w w l d  be r e q u i r e d  to r e p l a c e  t h e  
i n s u l a t i o n  on a l a r g e  scale t ank ,  t h e  use of gold r a t h e r  than a l -  
uminum f o r  t h e  r e f l e c t i v e  c o a t i n g  must be considered. Though less 
d a t a  is a v a i l a b l e  on gold-p la ted  f o i l ,  i ts  advantages i n  d u r a b i l i t y  
and improved performance a r e  w e l l  e s t a b l i s h e d .  I n  t h e  l a r g e  quan- 
t i t y  r equ i r ed  f o r  an SIV-3 scale tank i n s u l a t i o n  system, t h e  addi -  
t i o n a l  c o s t  may not be a h igh ly  s i g n i f i c a n t  f a c t o r .  





Nylon n e t t i n g  has been assumed as  t h e  s p c e r  m a t e r i a l .  This  
ma te r i a l  i s  r e a d i l y  a v a i l a b l e ,  but has disadvantages i n  terms of  
weight ,  thermal c o n t r a c t i o n ,  and outgass ing .  S i l k  and dacron n e t s  
have a l s o  been used. It i s  suggested t h a t  a k n i t t e d  ne t  o f f e r s  
advantages i n  t h e  formulat ion of  a l igh tweight  i n s u l a t i o n  b l anke t ,  
but t h a t  t h e  s e l e c t i o n  of m a t e r i a l s  commercially a v a i l a b l e  a t  t h i s  
time 5s not  adequate t o  permit op t imiza t ion  of t h i s  type  of  i n s u l a -  
t i m  system. Compared L O  t h e  c o s t  of assembly and i n s t a l l a t i o n  of 
a space v e h i c l e  i n s u l a t i o n  system, t h e  se tup  charge f o r  f a b r i c a t i o n  
of n e t t i n g  t o  new s p e c i f i c a t i o n s  i s  n e g l i g i b l e .  The de termina t ion  
of s p e c i f i c a t i o n s  f o r  an optimum spacer  m a t e r i a l  i s  not  s t r a i g h t -  
forward , hovever. Var i a t ions  inc lude  m a t e r i a l ,  yarn  s i z e  and type ,  
mesh, k n i t  p a t t e r n  and f i n i s h ,  w i th  an unl imi ted  number o f  p o s s i b l e  
c m b i n a t i o n s .  Research and development i n  t h e  area of  k n i t t e d  
spacer  m a t e r i a l s  f o r  high performance i n s u l a t i o n  systems is  t h e r e -  
f o r e  recommended. 
The proposed blanket  assembly i s  dep ic t ed  i n  F igure  111-2. It 
c o n s i s t s  of an i n n e t  and o u t e r  s t r u c t u r a l  ne t  w i t h  a l t e r n a t i n g  
l a y e r s  of  aluminized mylar and spacer  ma te r i a l .  
spacer  c h a r a c t e r i s t i c s ,  an  advantage may be gained by us ing  t w o  
n e t s  pe r  f o i l ,  p a r t i c u l a r l y  toward t h e  c o l d  s i d e .  
assembled w i t h  c l o s e l y  spaced th reads  (poss ib ly  3 o r  4 i n .  spacing)  
t i e d  between t h e  s t r u c t u r a l  n e t s  o r  between p l a s t i c  d i s k s  a t t ached  
t o  t h e  s t r u c t u r a l  ne t .  
mechanically gaging t h e  l e n g t h  of t h e  thread .  
designed i n t o  t h e  b lanket  t o  improve dimensional s t a b i l i t y .  Diag- 
onal t h reads  a r e  i n s t a l l e d  i n  t h e  d i r e c t i o n  o f  t h e  primary load  on 
t h e  b lanket  t o  l i m i t  s l i ppage  and compression of  t h e  b lanket  dur ing  
boost loads .  
through which t h e  th reads  pass .  
in forced  hole  wi th  much g r e a t e r  s t r e n g t h  than  t h e  t o r n  opening made 
by a co ld  needle.  
Depending on t h e  
The b l anke t  i s  
Thickness o f  t h e  b lanket  is  c o n t r o l l e d  by 
A small  p re load  i s  
A hot  needle  i s  used t o  p e n e t r a t e  t h e  mylar f o i l s  
This  technique  w i l l  provide a re- 
For a long term mission,  p e r f o r a t i o n s  f o r  v e n t i n g  t h e  i n s u l a -  
t i o n  should be kept t o  a minimum. 
would be g r e a t l y  a f f e c t e d  by any long term outgass ing  tendency of  
t h e  spacer  m a t e r i a l .  For t h e  purge system t o  be desc r ibed  below, 
t h e  p e r f o r a t i o n  requirement may be determined by t h e  purge gas  flow 
requirements.  I n  both in s t ances ,  experimental  d a t a  w i l l  be re-  
qui red .  
Th i s  minimum pe r fo ra t ed  area 
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The tank-mounted i n s u l a t i o n  i s  p re fab r i ca t ed  i n t o  14 (o r  fewer) 
f o r m - f i t t i n g  panels  a s  shown i n  Figure 111-3. I n s u l a t i o n  lay-up 
mandrels, a s  suggested by Figure 111-4, w i l l  be required f o r  t h e  
va r ious  forms. Handling f i x t u r e s  w i l l  a l s o  be required t o  t r a n s -  
f e r  t h e  i n s u l a t i o n  b l anke t s  from t h e  lay-up mandrels t o  t h e  tank 
f o r  i n s t a l l a t i o n .  The shroud- and truss-mounted i n s u l a t i o n  blan-  
k e t s  would be s i m i l a r l y  t r e a t e d .  
C .  INSTALLATION OF INSULATIQN 
Attachment of t h e  i n s u l a t i o n  b l anke t s  i s  a s  shown i n  Figure 
111-5. The primary s t r u c t u r a l  attachment i s  by means of snap and 
c u r t a i n  f a s t e n e r s  a t t ached  t o  dacron r ibbons which, i n  t u r n ,  a r e  
f a s t ened  a c r o s s  t h e  f u l l  l e n g t h  o r  breadth of t h e  panel.  These 
f a s t e n e r s  a r e  loca t ed  on a l l  s i d e s  of each b l a n k e t ,  w i th  mating 
p ins  bonded t o  t h e  t ank  o r  shroud. A t  f requent  i n t e r v a l s  (approxi- 
mately 1 f t )  over t h e  s u r f a c e  of t h e  b l anke t ,  Velcro p i l e  s t r i p s  
a r e  bonled. Velcro hook s t r i p s  a r e  mounted on t h e  tank o r  shroud 
a t  r i g h t  ang le s  t o  permir engagement wi th  small alignment e r r o r s .  
The junc t ion  between i n s u l a t i o n  panels  i s  a b u t t  j o i n t  w i t h  
s t r i p s  of aluminized mylar i n t e r l e a v e d  ad jacen t  t o  each aluminized 
mylar f o i l .  These s t r i p s  a r e  secured i n  p l ace  wi th  small s t r i p s  
of mylar t a p e  a t  appropr i a t e  i n t e r v a l s .  Th i s  technique f o r  mini- 
mizing r a d i a t i o n  leakage through t h e  blanket  has been s u c c e s s f u l l y  
appl ied t o  t h e  i n t e g r a t e d  i n s u l a t i o n  system tes t  (tank-mounted in -  
s u l a t i o n )  and i s  judged t o  be f u l l y  p r a c t i c a l  w i t h  regard t o  manu- 
f a c t u r i n g  methods. 
panels  are s t i t c h e d  t o g e t h e r  over t h e  f u l l  l eng th  of t h e  b u t t  
j o i n t s .  
Inne r  and o u t e r  s t r u c t u r a l  n e t s  of ad jacen t  
D. PURGE A!!  VENT SYSTEM 
Figure 111-6 d e p i c t s  t h e  o v e r a l l  i n s u l a t i o n  c o n f i g u r a t i o n  f o r  
t h e  purge and ven t  system. The o u t e r  i n s u l a t i o n  blanket  i s  mounted 
t o  t h e  shroud i n  t h e  a r e a  of t h e  tank b a r r e l  s ec t ion .  I n  t h e  v i c i n -  
i t y  of t h e  t ank  domes t h e  blanket  i s  mounted t o  t h e  hemispherical  
heat exchanger t r u s s .  Near t h e  tangency point  between t h e  shroud 
c y l i n d e r  and t h e  heat  exchanger t r u s s ,  t h e  Slanket  swings f r e e l y  
between t h e  two, t o  permit t h e  two b lanke t s  t o  be joined.  
gered b u t t  j o i n t  i s  employed a t  t h i s  c lose-out  j unc t ion ,  without 
i n  t e r 1 e av i n g  . 
A s t a g -  
III-14 
I . 
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Figure 111-3 Reformed Tank Insulation Panels 
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Conical i n s u l a t i o n  b l a r k e t s  a r e  a t t ached  with clamps t o  t h e  
major p ipe  p e n e t r a t i o n s .  These b l anke t s  a r e  designed tr, approxi-  
mately preserve t h e  temperature g rad ien t  w i t h i n  t h e  i n s u l a t i o n  
b l a n k e t ,  r e s u l t i n g  i n  a f ixed  heat  f l u x  pe r  u n i t  a r e a  and minimum 
heat  flow along t h e  i n s u l a t i o n  l a y e r s .  These cones a r e  joined t o  
t h e  tank and shroud b l anke t s  by i n t e r l e a v e d  preformed s p l i t  c o l -  
l a r s  of aluminized mylar. A s imple  c o i l e d  s t a i n l e s s  s L e e l  t ube  
heat  exchanger i s  welded o r  brazed t o  t h e  tank d r a i n  l i n e  t o  i n -  
t e r c e p t  and reduce heat leakage from t h a t  source.  
The helium purge gas  i s  fed through aluminum t u b i n g  d i s t r i b u -  
t xi manifolds a t t ached  t o  t h e  t ank  and t o  t h a t  area of t h e  shroud 
on which i n s u l a t i o n  i s  i n s t a l l e d .  O r i f i c e s  are loca ted  uniformly 
over t h e s e  a r e a s  t o  meter a continuous flow of purge gas. 
o r i f i c e s  a r e  s i zed  t o  r e q u i r e  a s i g n i f i c a n t  p re s su re  drop,  allow- 
i n g  t h e  manifold t o  ope ra t e  a t  a p r e s s u r e  t h a t  i s  high compared 
t o  flow l o s s e s  through t h e  system. 
i s  n e a r l y  cons t an t  a t  a l l  p o i n t s  and t h e  flow d i s t r i b u t i o n  w i l l  
be uniform throughout.  A secondary purpose of  t h e  c l o s e  spaced 
Velcro f a s t e n e r s  i s  t o  provide a spacing between t h e  i n s u l a t i o n  
blanket  and t ank  o r  shroud t o  improve t h e  d i s t r i b u t i o n  of t h e  
purge gas.  
The 
I n  t h i s  manner, t h e  p re s su re  
The pa th  of t h e  purge helium is a s  follows: The gas t h a t  i s  
d i s t r i b u t e d  over t h e  tank s u r f a c e  flows through t h e  tank-mounted 
i n s u l a t i o n  i n t o  the r eg ion  between t h e  b l anke t s .  That gcs  which 
i s  d i s t r i b u t e d  on t h e  shroud s u r f a c e  l i kewise  flows through t h e  
i n s u l a t i o n  t o  t h e  r eg ion  between b l anke t s .  To escape from t h i s  
area, a l l  of t h e  gas then flows through t h e  forward a r d  a f t  t r u s s -  
mounted i n s u l a t i o n  b l anke t s  i n t o  t h e  shrnud ends. These rt gions 
are  assumed t o  be v e n t i i a t e d ,  o r  t o  be connected t o  a helium re- 
covery system. Flow r a t e  and p res su re  drop through t h e  i n s u l a t i o n  
must be ad jus t ed  so : h a t  t h e  s t a t i c  p r e s s u r e  i n  t h e  region between 
i n s u l a t i o n  b l anke t s  i s  s u f f i c i e n t l y  g r e a t  t o  minimize h y d r o s t a t i c  
e f f e c t s  on t h e  purge flow p a t t e r n .  
To a s s u r e  proper v e n t i n g  of  t h e  i n s u l a t i o n  system i n  space,  
ven t  v a l v e s  a r e  i n s t a l l e d  through t h e  o u t e r  i n s u l a t i o n  blanket  as 
shown i n  Figure 111-6. These v a l v e s ,  i n s t a l l e d  i n  f i b e r g l a s s  d u c t s  
w i t h  r a d i a t i o n  b a r r i e r s ,  a r e  ac tua t ed  by a p r e s s u r e  ( a l t i t u d e )  
switch wi th  exp los ive  a c t u a t o r s .  I f  t h e  shroud ends are not s u f -  
f i c i e n t l y  open t o  t h e  environment, add ic iona l  v a l v e s  o r  an a l t e r -  




E. 'INTERNAL HEAT EXCHANGER 
I ;  




The thermodynamic vent system r e q u i r e s  a heat  exchanger e i t h e r  
The heat  exchanger shown i n  Figure 111-7 
w i th in  or  on t h e  tank wal l  t o  a s su re  v a p o r i z a t i o n  of  a l l  vent  f l u i d  
a t  t h e  tank temperature.  
r e p r e s e n t s  a simple,  l ightweight  approach t o  t h e  problem. In  t h e  
a c t u a l  design of a space v e h i c l e ,  t h i s  heat  exchanger could be 
mounted on s l o s h  b a f f l e s  o r  o t h e r  i n t e r n c l  hardware. I n  t h e  p r e s -  
en t  des ign ,  aFproximately 600 f t  of 0.75-in.  O.D. x 0.035-in.  w a l l  
aluminum tub ing  makes t h r e e  passes  through t h e  t m k .  I n  t h i s  manner 
t h e  vent  f l u i d  i s  used t o  t r apsmi t  heat  from warm t o  cold a r e a s  o f  
t h e  tank t o  minimize temperature g r a d i e n t s ,  and t o  l i m i t  t o  a small  
amount any uncooled pockets of f l u i d  near  t h e  tank wa l l .  The 
weight of t h i s  heat  exchanger i s  est imated t o  be 83 l b .  
Thermal ana lyses  on t h e  i n t e r n a l  heat  exchanger i n d i c a t e  t h a t  
t h i s  design is adequate t o  remwe a l l  heat  reaching t h e  t ank  and t o  
l i m i t  therm, ' s t r a t i f i c a t i o n  t o  a maximum temperature d i f f e r e n t i a l  
w i th in  t h e  tdnk of  approximately 5"R. Thus, when t h e  h ighes t  l i q -  
uid temperature i s  being held t o  40"R by t h e  c o n t r o l  system, some 
l i q u i d  may be as co ld  as 35'R. 
on assumptions a s  t o  t h e  n a t u r e  of heat  t r a n s f e r  and l i q u i d  posi-  
t i o n  i n  a weigh t l e s s  environment. 
vent  system should t a k e  i n t o  account t h e  b e s t  d a t a  then  a v a i l a b l e ,  
hopeful ly  from l a r g e  scale o r b i t a l  ex?eriments. 
However, such ana lyses  a r e  based 
Any design of a thermodynamic 
F. VENT CONTROL SYSTEM 
Analysis has shown t h a t  e f f i c i e n c y  of t h e  heat  i n t e r c e p t i n g  
ven t  system i s  g r e a t e s t  when t h e  v m t  flow r a t e  i s  cons t an t .  T h i s  
would suggest th.at a t h r o t t l i n g  c o n t r o l  system be used t o  minimize 
cyc l ing .  However, t h e  complexity of t h r o t t l i n g  va lves  and c o n t r o l -  
lers i s  not a t t r a c t i v e  f o r  a long term space operat ion.  Figure 
I T '  8A i l l u s t r a t e s  a proposed system us ing  on-off p r e s s u r e  switches 
and va lves  t o  achieve a reasonable  approximation t o  steady-flow 
cond i t ions .  By u t i l i z i n g  t h r e e  properly s i zed  flow r e s t r i c t o r s ,  
flow rates of  0 ,  75, 125, and 400% of t h e  nominal flow r a t e  L J ~  be 
obtained. Under normal cond i t ions ,  t hen ,  t h e  flow w i i l  c y c l e  i n  
t h e  range of nominal +25%. 
t he  0 and 400% p o s i t i o n s  permit c o n t r o l  of tank p res su re  t o  be 
ma i n  t a fned . 
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I n  order  t o  e l imina te  t h e  problem of  p o s s i b l e  f r eez ing  of hy- 
drogen i n  t h e  system due t o  low back p res su re ,  a two-stage,  on-off ,  
back p res su re  r e g u l a t i o n  system i s  included. Since back p res su re  
is  -lot a s  c r i t i c a l  a s  f l m  r a t e  on system e f f i c i e n c y ,  c y c l i n g  of 
t hese  va lves  t o  hold t h e  p r e s s u r e  wi th in  reasopable  bounds should 
be acceptable .  Figure 1 1 1 - 8 B  i l l u s t r a t e s  t h e  same system, but w’ 
redundant components f o r  increased r e l i a b i l i t y .  
G .  NONMETALLIC COMPOSITE TANK SUPPORTS 
111 t h e  r e fe rence  v e h i c l e  previously desc r ibed ,  a s i g n i f i c a n t  
amount of  heat  reaches t h e  t ank  through t h e  t i t a n i u m  tank support  
members. Fu r the r ,  t h e  thermal performance of  t h e  t i t an ium system 
i s  dependent on t h e  thermal con tac t  r e s i s t a n c e  o f f e red  by a series 
of s t a i n l e s s  steel  washers. The ac tus1  fo rce  a c t i n g  on t h e s e  
washers,  and consequently t h e  heat  l e a k ,  i s  d i f f i c u l t  t o  p r e d i c t .  
The s t r u c t u r a l  and thermal p r o p e r t i e s  of s eve ra l  nonmetal l ic  com- 
p s s i t e  m a t e r i a l s  appear a t t r a c t i v e  as a means of reducing s t r u c -  
t u r a l  heat  l eak .  I n  a d d i t i o n  t o  t h e  thermal a n a l y s i s  reported i n  
Sect ion 11, which ind ica t ed  t h a t  a s i g n i f i c a n t  ga in  might be 
achieved, a design a n a l y s i s  was w d e r t a k e n .  
Primary cons ide ra t ions  a r e  t h e  same a s  f o r  t h e  metal support 
design.  The new material should have as good a s  o r  b e t t e r  s t r e n g t h  
c h a r a c t e r i s t i c s  and lower thermal conduc t iv i ty ,  and should lend 
i t s e l f  t o  reasonably simple manufacturing techniques and l o w  c o s t  
p r o d u c i b i l i t y  and maintenance. Two m a t e r i a l s  from t h e  composite 
ma te r i a l  f i e l d  were s e l e c t e d  f o r  design evaluat ion:  boron and S- 
g l a s s .  These m a t e r i a l s  have high s t rength- to-weight  r a t i o s  and 
low thermal conduc t iv i ty ;  however, both have some drawbacks. S- 
g l a s s  has a very low modulus of e l a s t i c i t y ,  making i s  s u s c e p t i b l e  
t o  buckling. Boron f i b e r s  a r e  b r i t t l e  and f r a g i l e  i n  many a p p l i -  
c a t i o n s  where a small  bend r a d i u s  i s  r equ i r ed .  I n  s p i t e  of  these 
problems, however, r e c e n t  l i t e r a t u r e  i n d i c a t e s  t h a t  boron eventu- 
a l l y  may become very prominent f o r  des igns  such a s  s t r u t s ,  landing 
g e a r ,  and column a p p l i c a t i o n s .  
I 
111-24 WR-6 9 -405 
i 
I n  reviewing t h e  h i s t o r y  of boron as a s t r u c t u r a l  m a t e r i a l ,  
we  f i n d  t h a t  i n i t i a l l y  it w a s  almost impossible  t o  produce boron 
f i b e r s  wi th  cons tan t  s t r e n g t h s  and modulii.  External f laws could 
be t r aced  t o  depos i t i on  techniques of t h e  boron-to-tungsten core.  
Large r e s i d u a l  s t r e s s e s  were a l s o  encountered dur ing  t h e  produc- 
t i o n  opera t ions  due t o  hea t .  A t  f i r s t ,  ac id  e t ch ing  processes  
were developed t o  r i d  f i b e r s  of su r f ace  f laws ,  but  boron f i b e r  
producers have made e x c e l l e n t  progress  i n  so lv ing  t h i s  ptoblem and 
t h e  r e s idua l  stress problem, and a r e  now producing h igh  q u a l i t y  
f i b e r s  without f laws and of good cons is tancy .  Other problems fac-  
i n g  t h e  producers were oxida t ion  and phys ica l  damage du r ing  han- 
d l i n g .  
and f i b e r s  can now be grouped and wound around l a r g e  diameter  
spools  f o r  s a f e  handling. 
Sheath coa t ing  processes have success fu l ly  been developed 
The next s t e p  was t o  d iscover  use fu l  and p r a c t i c a l  ways t o  use 
boron f i b e r s .  The answer was boron composites,  both m e t a l l i c  and 
nonmetal l ic .  For t h e  purpose of  t h i s  s tudy ,  t o  reduce hea t  t r a n s -  
f e r ,  a nonmetal l ic  boron composite i s  t h e  most b e n e f i c i a l  form. A 
u n i d i r e c t i o n a l  boron f i b e r ,  resin-impregnated t a p e  was found t o  be 
t h e  bes t  choice  €or t h i s  app l i ca t ion .  Constant s t r e n g t h  and mod- 
u l u s  a r e  requi red  of an e f f i c i e n t  composite. 
boron composites,  it has been inc reas ing ly  evident  that t h e  s t r e n g t h  
and modulus a r e  h ighiy  dependent on p r e c i s e  spacing of  t h e  f i l amen t s  
so t h a t  each f i lament  can r e a c t  loads  equal ly .  Unequal loading  can 
cause a breakdown i n  t h e  mat r ix  system and expose f i l amen t s  t o  f a i l -  
i ng  shear  loads.  Tes t ing  of  good q u a l i t y  boron f i l amen t s  i n d i c a t e s  
an average t e n s i l e  stress of  400,000 p s i  and one of  t h e  more suc- 
c e s s f u l  p r o j e c t s  using boron t a p s  on filament-wound p res su re  ves-  
sels shows an average f i b e r  t e n s i l e  stress of 236,000 p s i  a t  75°F 
and 273,800 p s i  a t  -320°F (Ref 8). 
Through t e s t i n g  of 
F iberg lass - re inforced  Composites a r e  not  new t o  t h e  a i rbo rne  
s t r u c t u r a l  f i e l d .  Composite s t r u c t u r e s  have been used i n  f a i r i n g s ,  
rudders ,  and hea t  s h i e l d s  f o r  a i r c r a f t .  One of  t h e  l a t e s t  g l a s s  
composites t h a t  has  been developed f o r  h igher  s t r e n g t h  p o t e n t i a l  
i s  S-glass  o r  5-994. S-glass  i s  a f ibe r i zed  glass composed o f  65X 
SiO,, 25% M203 and 10% MgO. The p r i n c i p a l  a t t r a c t i o n  of S-glass  
composite i s  i t s  t e n s i l e  s t r e n g t h ,  but i t  a l s o  o f f e r s  low d e n s i t y ,  
apprec iab le  cor ros ion  r e s i s t a n c e ,  and low f a b r i c a t i o n  and mainte- 
nance c o s t .  
ranged i n  t h e  neighborhood of 280,000 p s i  t o  290,000 psi (Ref 9), 
more than twice t h a t  of t i t an ium.  
s l i g h t l y  higher  than  t h a t  of t i t an ium a t  approximately 136,000 
p s i ;  b u t ,  wi th  only an 8 x lo6 p s i  t o  9 x 14 p s i  modulus (Ref 9 ) ,  
S-glass  composite becomes somewhat undes i rab le  f o r  s t i f f n e s s  ap- 
p l i c a t i o n s .  
Tested t e n s i l e  va lues  of S-glass  composites have 
Compressive stress i s  a l s o  
MCR-69 -405 
Boron Composite 
39.2 x 106 
186 x 103 




8.42 x 105 
289 x 103 
136 x 103 
0.074 
r 
For t h e  s t r e s s  a n a l y s i s ,  a l lowables  used f o r  boeh composites 
a r e  a s  presented i n  Table 111-3 taken from Ref 9.  
a r e  room temperature va lues .  
cryogenic tdmperatures t h e  va lues  become s l i g h t l y  b e t t e r .  
The a l lowables  
However, a l l .  i n d i c a t i o n s  a r e  t h a t  a t  
Table 111-3 Mechanical Property Comparison 
Property 
Young's Modulus, p s i  
Ultimate T e n s i l e  
S t r e s s ,  p s i  
U 1  t imat e Compressive 
S t r e s s ,  p s i  
Density,  l b l i n ?  
T i t  anium 
16 x 106 
130 x 103 
126 x 103 
0.160 
The des ign  of t h e  boron epoxy lower support  t ube  i s  shown i n  
F igure  111-9. 
t h e  equal d i s t r i b u t i o n  of t ens ion  and compression loads  through 
t h e  f i b e r s .  For maximum s t r e n g t h ,  t h e  f i b e r s  a r e  a l igned  p a r a l l e l  
t o  t h e  load a x i s .  
metal i n s e r t  w i th  a curved p r o f i l e t o  t r a n s f e r  t e n s i o n  loads t o  
t h e  f i b e r s .  The boron f i b e r s ,  i n  a preimpregnated t a p e  form, a r e  
l a i d  up over a t h i n  w a l l  aluminum mandrel, and overwrapped on t h e  
ends t o  conform t o  t h e  p r o f i l e  of t h e  metal i n s e r t .  Overwrapping 
of t h e  boron i n  t h i s  a r e a  wi th  g raph i t e  and epoxy resui ts  i n  a 
r e s t r a i n t  of t h e  l o n g i t u d i n a l  f i b e r s ,  and a t e n s i o n  f a i l u r e  of t h e  
g r a p h i t e  must occur be fo re  t h e  j o i n t  can f a i l .  
t h e  assembly, t h e  alumlnum mandrel i s  etched away. 
b e r s  a r e  preloaded due co t h e  cu rva tu re  r e s u l t i n g  from conformance 
t o  t h e  end f i t t i n g ,  and a degrada t ion  of load c a r r y i n g  c a p a c i t y  
t h e r e f o r e  r e s u l t s .  
A primary problem t o  be reso lved  i n  t h i s  des ign  i s  
The des ign  concept presented he re  r e l i e s  on a 
. 
Afte r  cu r ing  of 
The boron f i -  
Af t e r  c u r i n g  of t h e  epoxy, t h e  ends,  i nc lud ing  metal ,  boron, 
and g r a p h i t e ,  a r e  machined t o  a f l a t  su r f ace  perpendici . -r t o  t h e  
tube  a x i s .  Assembly of t h e  threaded end p i eces  i n t o  t i l r  tube in-  
s e r t s  provides f o r  compressive loading  of t h e  f i b e r s .  To compen- 
s a t e  f o r  i r r e g u l a r i t i e s  i n  t h e  machined tube end s u r f a c e s ,  a room 
temperature cu r ing  epoxy f i l l e r  is appl ied  be fo re  assembly of t h e  
end f i t t i n g s .  Depending on t h e  c h a r a c t e r i s t i c s  of t h e  bond between 
t h e  metal i n s e r t s  and t h e  boron epoxy, a small s l i ppage  c? t h e  i n -  
s e r t  may occur when t h e  tube i s  i n i t i a l l y  loaded i n  t ens ion .  
Therefore ,  a s  p a r t  of t h e  manufacturing procedure,  each p a r t  should 
be loaded t o  i t s  design load i n  t ens ion  p r i o r  t o  machining t h e  
ends. Experience i n d i c a t e s  t h a t  a f t e r  t h e  i n i t i a l  loading,  no f u r -  






Because of t h e  high compressive s t r e v g t h  of t h e  boron epoxy 
composite and p r imar i ly  t e n s i o n  loading on t h e  lower suppor t s ,  t h e  
design of t h e  boron support  was governed by t e n s i o n  requirements.  
Therefore ,  a m i q i m u m  tube diameter was chosen. A 50% volumetr ic  
f i b e r  content  i s  assumed. Th i s  i s  achieved by use of boron t a p e ,  
0.125-in.  wide and approximately 0.005-in. t h i c k .  The t a p e  i s  
mads up  of approximately 25 t o  29 boron f i b e r s  about 0.004-in. 
maximum diameter  and bonded t o g e t h e r  t o  form a boron t ape .  The 
to ron  t a p e  i s  then l a i d  up us ing  t h e  p o l a r i s  r e s i n  system f o r  t h e  
composite matr ix .  
and 1032 w i t h  methyl nadic anhydride i n  proport ions of  50, 50, and 
90, r e s p e c t i v e l y .  
i t s  good bonding adhesion t o  t h e  boron f i b e r s ,  p l u s  i t s  app l i ca -  
b i l i t y  t o  cryogenic a p p l i c a t i o n s  and i t s  d e s i r a b l e  o v e r a l l  proper-  
t i e s .  Because t h e  0.004-in. f i b e r s  are formed over  a 3- in .  r a d i u s ,  
a degradat ion of s t r e n g t h  of about 16% w i l l  r e s u l t .  The metal  i n -  
s e r t s  and end f i t t i n g s  a r e  of  6Aa-4V t i t an ium heat  t r e a t e d  t o  a 
160,000 p s i  t e n s i o n  al lowable.  Titanium i s  used because i t s  t h e r -  
mal expansion c h a r a c t e r i s t i c s  are  most.compatible w i t h  those  o f  
t h e  composites. 
The p o l a r i s  r e s i n  system c o n s i s t s  of EPON 828 
Th i s  r e s i n  system was s e l e c t e d  on t h e  b a s i s  of  
The g l a s s  epoxy lower support  t ube  design i s  shown i n  Figure 
111-10. The material used i s  20 end roving S-glass .  
p o l a r i s  r e s i n  system w a s  chosen f o r  t h e  reasons noted above. 
same concept i s  used f o r  t r a n s m i t t i n g  t e n s i o n  and compression loads  
t o  t h e  f i b e r s  as t h a t  desc r ibed  above f o r  t h e  boron tube.  Because 
of t h e  small f i b e r  d i m e t e r ,  t h e  degradat ion of  f i b e r  s t r e n g t h  
caused by conformancz t o  t h e  3- in .  r a d i u s  of t h e  metal i n s e r t  i s  
expected t o  be n e g l i g i b l e .  
of t h e  S-glass epoxy lower support .  
f o r  t h e  c o n d i t i o n  t h a t  t h e  l o c a l  c r i t i ca l  c r i p p l i n g  stress equa l s  
t h e  Euler  s t r e s s ,  r e s u l t i n g  i n  a minimum column s e c t i o n  &?ea. 
Again t h e  
The 
Compression loading governs t h e  des ign  
The s e c t i o n  has  been s i z e d  
An a l t e r n a t i v e  design f o r  t h e  upper tank support  of S-glass  
epoxy i s  shown i n  Figure 111-11. Th i s  t ube  i s  loaded i n  t e n s i o n  
only and i s  t h e r e f o r e  designed w i t h  a minimum diameter .  Tension 
loads  are t r a n s m i t t e d  t o  t h e  g l a s s  f i b e r s  i n  t h e  same manner as 
t h e  composite lower s t r u t  designs.  Because of t h e  lower e l a s t i c  
modulus and t h e  g r e a t e r  t e n s i l e  s t r e n g t h  of  t h e  g l a s s  epoxy, maxi- 
mum tank motion i s  0.310 i n . ,  compared t o  0.100 i n .  f o r  t h e  t i t a n -  
ium s t a b i l i z e r  system. Because t h e  upper support  i s  loaded i n  
t ens ion  only,  no advantage would r e s u l t  from t h e  use of  boron 
epoxy. A weight estimate f o r  t h e  composite s t r u c t u r a l  elements 
i s  t a b u l a t e d .  
Weinht ( lb)  
S-glass epoxy lower support  0.63 
Boron epoxy lower support  0.56 
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- IV. EXPERIMENTAL PROGRAMS 
A. INTERNAL CAPILLARY INSULATION, 
FEASIBILITY DEMONSTRATION TESTS 
Small s c a l e  t a b l e  t o p  t e s t s  were conducted t o  demonstrate t he  
f e a s i b i l i t y  of t he  honeycomb and the  c a p i l l a r y  sc reen  concepts 
f o r  pos i t i on ing  a gas l a y e r  between the  l i q u i d  and the  tank wall .  
The bas i c  tes t  apparatus  f o r  t h e  honeycomb concept i s  shown sche- 
m a t i c a l l y  i n  Figure IV-1 .  
w i th  i n s i d e  dimensions of 6 i n .  The i n s u l a t i o n  specimens t o  be 
t e s t e d  .sere mounted on t h e  bottom and one wall  of t h i s  box. Each 
specimer: of i n s u l a t i o n  was made up as follows: A p i ece  of 0 .5- in .  
t h i c k  p l a t e  g l a s s  was used a s  a base.  
nichrome wire was a t t ached  t o  the  o u t e r  s i d e  of t h e  g l a s s  w i th  
Delta Bond 152 epoxy adhesive.  Honeycomb m a t e r i a l ,  0.5 i n .  t h i c k ,  
was a t t ached  t o  t h e  inne r  s i d e  of t h e  p l a t e  g l a s s .  The honeycomb 
was made of phenolic impregnated c l o t h  with f l a t t e n e d  hexagonal 
c e l l s  approximately 9.3175 x 0.1875 i n .  i n  s i ze .  The g l a s s  was 
coated w i t h  a t h i n  l a y e r  of Narmco 7343 adhesive and t h e  honeycomb 
pressed i n t o  t h e  adhesive.  
c losed with a c a p i l l a r y  b a r r i e r  shee t  of 5-mil mylar s e a l e d  t o  
t h e  honeycomb with a t h i n  l a y e r  of Narmco adhesive.  
shows two specimens i n  va r ious  s t a g e s  of cons t ruc t ion .  A small  
h o l e  was d r i l l e d  thrcugh the  m y l a r  i n t o  each c e l l  w i t h  a number 
76 s i z e  (0.020 in . )  d r i l l .  A 0.25-in. t h i c k  p i ece  of co rk  board 
was i n s t a l l e d  over t he  mylar shee t  w i th  a s e p a r a t i o n  of approxi-  
mately 0.0625 i n .  Figure I V - 3  shows t h e  assembled t e s t  a r t i c l e  
with foam i n s u l a t i o n .  This  i n s u l a t i o n  praved t o  be unsa t i s fnc -  
t o r y  and was replaced with cork.  
It c o n s i s t e d  of a cub- ' -a l  P l e x i g l a s  box 
A hea t ing  wire of 30-gage 
The open end of t h e  honcycomb was 
F igure  I V - 2  
Sixteen copperlconstantan thermocouples were used t o  measure 
t h e  temperature a t  var ious l e v e l s  i n  the  specimen. The arrange-  
ment of t h e s e  thermcouples is  shown i n  F igu re  I V - 1 .  Wattmeters 
were used t o  determine t h e  hez t  load app l i ed  t o  t h e  specimen by 
the  i n t e g r a l  h e a t e r s .  
Pentane was used as a t es t  f l u i d  because of i t s  near  ambient 
b o i l i n g  temperature,  The tes t  v e s s e l  was f i l l e d  wi th  pentane and 
t h e  h e a t e r s  a c t i v a t e d .  I n  o rde r  t o  purge t h e  a i r  from t h e  c e l l s ,  
t he  honeycomb temperature was brought t o  about 125'F then allowed 
t o  coo l .  A t  t imes it was necessary t o  run t h i s  heatirig and cool- 
ing c y c l e  s e v e r a l  times before  t h e  c e l l s  were f i l l e d  wi th  l i q u i d .  
When t h e  c e l l s  were f i l l e d ,  t h e  power t o  t h e  h e a t e r s  was a d j u s t e d  
t o  the d e s i r e d  s e t t i n g  and t h e  t e s t  was run  u n t i l  t h e  temperatures  
throughout t h e  tes t  specimens were s t eady .  
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Figure IV-1 Honeycomb Internal Caplllary Insulation, 
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1. Resul ts  of Tes t  No. 1 
I . 
This t es t  was designed p r imar i ly  t o  check out t h e  t e s t  appa-  
ra tus  and determine i f  t h e  l i q u i d  can be d r i v e n  from t h e  c e l l s .  
With the  c e l l s  f u l l  of l i q u i d ,  t h e  bottom h e a t e r  was energized 
with 100 watts. I n  20 minutes a l l  of t h e  c e l l s  appeared t o  be 
empty. The temperature of t h e  hot  s i d e  of t h e  honeycomb was 300'F. 
The second p a r t  of t h i s  tes t  w a s  conducted t o  determine i f  
t h e  v e r t i c a l  s e c t i o n  of i n s u l a t i o n  would perform as p red ic t ed .  
The p l an  w a s  t o  apply 40 watts of power t o  t h e  v e r t i c a l  h e a t e r  
and t ake  motion p i c t u r e s  t o  v i s u a l l y  record t h e  emptying of t h e  
c e l l s .  However, t h e  h e a t e r  was no t  needed as when t h e  sun  gun, 
used f o r  i l l u m i n a t i n g  t h e  cel ls ,  was turned on, i t  supp l i ed  suf- 
f i c i e n t  r a d i e n t  energy t o  f o r c e  t h e  l i q u i d  from t h e  c e l l s .  
2. Resu l t s  of T e s t  No. 2 
This  t es t  was made t o  o b t a i n  motion p i c t u r e s  of t h e  evacuat ion 
It requ i r ed  
of t h e  h o r i z o n t a l  honeycomb s e c t i o n .  With t h e  cel ls  f i l l e d  with 
l i q u i d ,  120 wat ts  of  power was a p p l i e d  t o  t h e  h e a t e r .  
approxinately 20 minutes a t  t h i s  power s e t t i n g  f o r  t h e  l i q u i d  i n  
t h e  ce l l s  t o  be evaporated.  This test  run  was a l s o  photographed. 
When t h e  l i q u i d  had been evaporated,  t h e  power was reduced t o  
40 watts, t h e  system wrapped i n  foam i n s u l a t i o n ,  and allowed t o  
reach stea.dy s t a t e .  A f t e r  2 hours,  t h e  temperatures  were rela- 
t i v e l y  cons t an t  a t  t h e  values  l i s t e d .  
Liquid s i d e  of cork i n s u l a t i o n  - 78'F 
Space between cork and b a r r i e r  p l a t e  .- 85'F 
Junc t ion  of honeycomb and g l a s s  p la te  - 102'F 
Outside of glac p l a t e  - 190'F 
3. Resu l t s  of Tes t  No. 3 
S t a r t i n g  with a l l  cel ls  f i l l e d  w i t h  l i q u i d ,  power w a s  app l i ed  
t o  bottom h e a t e r  (30 watts). I n  approximately 35 minutes most 
cells were d r y  so  power was reduced t o  20 watts.  
u t e s  some ce l l s  appeared t o  be r e f i l l i n g .  Power was inc reased  
t o  25 watts,  
power was increased t o  100-watts t o  d r y  cel ls .  After 15 minutes,  
c e l l s  were d ry  so  power WPS reduced t o  30 watts f o r  40 minutes 
then 2 8  watts f o r  40 minutes. Temperatures appeared s t a b l e ,  so 
test was secured.  
A f t e r  100 min- 
A f t e r  30 minutes t h e r e  appeared t o  be no change s o  






Liquid s i d e  of C O A .  i n s u l a t i o n  - 78'F 
Space between cork and b a r r i e r  p l a t e  - 85'F 
Junc t ion  of honeycomb and g l a s s  p la te  - 141'F 
Outside of g l a s s  p l a t e  - 160'F 
From t h e s e  tes ts  i t  can be concluded t h a t  t h e  i n s u l a t i o n  sys-  
t e m  t e s t e d  d i d  indeed func t ion  t o  impose a gas l a y e r  between the  
l i q u i d  and t h e  heated tank w a l l .  When t h e  h e a t  f l u x  was above a 
m i n i u ,  . l e v e l ,  t h e  tank wall could be maintained considerably 
abob; - b o i l i n g  temperature of the l i q u i d ,  and t h e  system was 
cpe iao ie  with the  bulk of t he  l i q u i d  below t h e  b o i l i n g  tempera- 
t u r e .  The resu l t s  of test No. 4 v e r i f y  t h a t  t h e r e  i s  a minimum 
hea t  f l u x  a t  which t h e  system i s  operable .  Because t h i s  t e s t  was 
not  designed t o  g ive  accu ra t e  d a t a ,  t h e  a c t u a l  t h re sho ld  f l u x  
could not  be measured. S i m i l a r l y ,  because of hea t  leakage t o  the  
surroundicgs,  an apparent thernial conduc t iv i ty  of t h e  honeycomb- 
gas l a y e r  could not  be determined. However, t h i s  k value was es- 
t imated a t  0 .1  t o  0 .2  Btu/hr ftOF, much h ighe r  than t h e  conductiv- 
i t y  of pentane vapor .  The Rayleigh number w a s  c a l c u l a t e d  t o  b e  
i n  t h e  range of 12,000 t o  15,000, whereas n a t u r a l  convection is 
p red ic t ed  t o  become s i g n i f i c a n t  a t  a c r i t i c a l  Rayleigh number of 
7,000 t o  10,000. It i s  t h e r e f o r e  assumed t h a t  much b e t t e r  per- 
formance could be obtained by reducing the  c e l l  s i z e .  
A model t o  determine f e a s i b i l i t y  of t h e  c a p i l l a r y  sc reen  con- 
cep t  was a l s o  f a b r i c a t e d  and t e s t e d .  This model was made iden- 
t i c a l  t o  t h a t  f o r  eva lua t ing  t h e  honeycomb concept ,  except t h a t  
a s i n g l e  l a y e r  of 325 x 2300 mesh dutch t w i l l  s t a i n l e s s  s t e e l  
f i l t e r  c l o t h  was s u b s t i t u t e d  f o r  the honeycomb and c a p i l l a r y  cover 
p l a t e .  Figure I V - 4  shows t h i s  model, completed except f o r  t h e  
l a y e r  of cork supplemental i n s u l a t i o n .  In s t rumen ta t ion  and power 
s u p p l i e s  were i d e n t i c a l  f o r  t he  two t e s t  s e t u p s .  
The same t e s t s  r epor t ed  above were attempted f o r  t h i s  concept.  
The v e r t i c a l  compartment was observed t o  very qu ick ly  pump out  
t h e  o r i g i n a l l y  ccntained l i q u i d .  However, when d ry ,  t he  gas l a y e r  
d id  not remain s t a b l e .  A f t e r  a s h o r t  t ime, depending on t h e  hea t  
f l u x ,  t h e  compartment would suddenly r e f i l l  ( a t  l e a s t  p a r t i a l l y ) .  
Then t h e  emptying process would begin again,  and t h e  system would 
continue t o  c y c l e  from empty t o  f u l l  t o  empty. The bottom com- 





An explanat ion is  o f fe red  f o r  the f a i l u r e  of the c a p i l l a r y  
s c r e e n  system t o  func t ion  as p red ic t ed .  Boiliilg occurs i n  t h e  
space between t h e  sc reen  and t h e  cork,  as was observed i n  t h e  
honeycomb system. When bubbles are formed i n  t h i s  region,  t h e  
screen tends t o  hea t  t o  a temperature g r e a t e r  than t h e  b o i l i n g  
point of t h e ' l c q u i d .  The s c r e e n  then becomes t o t a l l y  d ry  i n  t h i s  
spo t ,  and no c a p i l l a r y  a c t i o n  is  poss ib l e .  No d i f f e r e n c e  i n  pres- 
s u r e  ac ross  t h e  sc reen  can then e x i s t .  Thus, i n  a s t i l l  w e t  re- 
gion,  l i q u i d  moves through t h e  sc reen  due t o  h y d r o s t a t i c  f o r c e s .  
I n  t h e  honeycomb system, t h i s  same drying of t h e  c a p i l l a r y  open- 
ings occurs ,  but  because t h e  c e l l s  are i s o l a t e d  from each o t h e r  
no breakdown occurs .  
It is  t h e r e f o r e  concluded t h a t  t h e  c a p i l l a r y  sc reen  i n t e r n a l  
i n s u l a t i o n  concept p rev ious ly  descr ibed i s  not suitable for one-g 
a p p l i c a t i o n s .  Whether t h i s  same behavior might occur i n  a z e r o  
g r a v i t y  environment i s  s u b j e c t  t o  ques t ion .  However, a similar 
behavior might be predicted.  I n  t h e  zero-g case,  c a p i l l a r y  wick- 
ing a c t i o n  i n  t h e  space between t h e  sc reen  and t ank  wall could 
r ep lace  the  g r a v i t y  e f f e c t  t o  cause l i q u i d  t o  flow i n t o  t h a t  re- 
gion when t h e  sc reen  develops d ry  spo t s .  
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B. STRUCTURAL MATERIALS AND COMPONENTS THERMAL 
CONJUC TIVITY TESTS 
In  the  a n a l y t i c a l  eva lua t ion  of  h e a t  leak  through the  s t r u c -  
t u r a l  suppor t  mesbers, i t  became apparent  t h a t  a v a i l a b l e  t e s t  
d a t a  on the  thermal conduc t iv i ty  of nonmeta l l ic  composite matc- 
r i a l s  were inadequate ,  p a r t i c u l a r l y  a t  low temperatures .  I n -  
formation was l ikewise  sca rce  regard ing  t h e  thermal c o n t a c t  
r e s i s t a n c e  a f forded  by mul t ip l e  s tacked  washers and s e l f - a l i g n -  
i ng  bear ings .  A l imi t ed  t e s t  program was undertaken t o  develop 
a d d i t i o n a l  thermal conduc t iv i ty  d a t a  f o r  t hese  m a t e r i a l s  and 
components. Composite m a t e r i a l s  chosen t o  be  t e s t e d  were S-g lass  
epoxy, boron epoxy, and g r a p h i t e  epoxy. A commercially a v a i l a b l e  
s e l f - a l i g n i n g  s p h e r i c a l  bear ing ,  and an assembly of two groups 
each c o n s i s t i n g  of 150 s t a i n l e s s  s t e e l  washers arranged f o r  
t ransmiss ion  of t ens ion  and compression loads  , were a l s o  t e s t e d ,  
I n  the  case  o f  t he  l a t t e r  specimens, f o r c e  app l i ed  a x i a l l y  on 
t h e  specimen was v a r i e d  as a parameter.  A l l  specimens were t e s t e d  
a t  reduced temperatures  , 175'R o r  below. 
I n  t h e  case aof the  nonmeta l l ic  m a t e r i a l s ,  a c y l i n d r i c a l  tube 
s e c t i o n  was chosen as the  specimen conf igu ra t ion  because t h e  
shape and method o f  l ay ing  up t h e  composite materials could i n -  
f l uence  t h e i r  thermal conduc t iv i ty .  Therefore ,  t hese  specimens 
were f a b r i c a t e d  i n  a manner similar t o ,  and i n  t h e  approximate 
s i z e  o f ,  a c t u a l  s t r u c t u r a l  suppor t  members. 
A schematic d e s c r i p t i o n  of the  thermal conduc t iv i ty  t e s t  
appara tus  i s  shown i n  F igure  I V - 5 .  A l i q u i d  hydrogen tank pro-  
v i d e s  t h e  hea t  s ink  and reduced temperatures  necessary  f o r  t h e  
t e s t .  The measurement assembly i s  a t t ached  below the  hydrogen 
tank and c o n s i s t s  of t he  specimen, upper and loEer h e a t e r s ,  and 
a shroud, The e n t i r e  assembly i s  i n s u l a t e d  and i n s t a l l e d  i n  a 
vacuum chamber. The tes t  i s  conducted by applying power t o  t h e  
lower hea te r  and measuring the  temperatures  of each end of  t he  
specimen. An upper hea te r  and a thermal r e s i s t a n c e  are i n s t a l l e d  
between the  shroud and the  hydrogen tank .  This arrangement per- 
m i t s  the  t e s t  s e c t i o n  temperature t o  be r a i s e d  t o  a va lue  above 
t h a t  of  the hydrogen tank w i t h  a p p l i c a t i o n  of  power t o  the  upper 
h e a t e r .  The b o i l o f f  r a t e  arLd the  power t o  t h e  upper h e a t e r  a r e  
no t  parameters requi red  t o  determine t h e  thermal conduc t iv i ty  of  
t h e  specimeil. The shroud i s  thermal ly  w e l l  connected t o  the  
upper mounting p l a t e ,  and the  e n t i r e  enc losure  ope ra t e s  w i t h i n  a 
few degrees  of t he  upper s u r f a c e  temperature.  
i n su la t ed ;  t he  i n s u l a t i o n  i s  i n  a thermal e n v i r o q e n t  approximat- 
i ng  the  temperature  of  t he  cold end of the  specimen. 
The specimen i s  
IV-9 
, 




& lgure IV-5 Thermal Conductivity Test Apparatus for Nonmeral%ic Composite 
Tube Specimens, Schematic Diagram 
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Instrumentat ion c o n s i s t s  of chrome1 constantan thermocouples 
t o  measure the  specimen end f i t t i n g  temperatures and v o l t a g e ,  
and c u r r e n t  measurements t o  determine the  power t o  the lower 
hea te r .  I n  the  f i r s t  checkout t e s t ,  a number of thermocouples 
were i n s t a l l e d  on the shroud and hydrogen tank,  and a d d i t i o n a l  
thermocouples and r e s i s t a n c e  thermometers were i n s t a l l e d  on the 
specimen end f i t t i n g s .  It - g a s  found t h a t  two thermocouples a t  
each end of  t he  specimen were adequate as they c l o s e l y  followed 
each o the r  and the r e s i s t a n c e  thermometers, Test  d a t a  were 
recorded on s t r i p  c h a r t  r eco rde r s  and/or logged manually from 
d i g i t a l  vol tmeter  readings.  
The assembly and i n s t a l l a t i o n  of t he  t e s t  specimen i s  
i l l u s t r a t e d  schematicall77 i n  Figure IV-6. 
machined t o  provide an i T t e r f m e n c e  f i t  w i t h  the  i n s i d e  of the 
specimen, are f i r s t  s h r i - i k - f i t t e d  i n t o  each end of t he  specimen 
(Figure IV-7). These r i n g s  a r e  0.125-in. i n  l eng th  and 0.125-in. 
i n  wall thickness ,  and se rve  t o  provide thermal con tac t  w i t h  the 
i n s i d e  of  t he  specimen. The specimen, w i t h  r i n g s  i n  p l ace ,  i s  
bonded i n t o  t h e  upper end p i ece  t h a t  i s  made of aluminum, and 
i s  i n  the  form of a f l ange  f o r  attachment t o  the  upper mounting 
p la te .  Tolerances a r e  c o n t r o l l e d  s o  t h a t  t h e  inne r  r i n g  and 
t h a t  pa r t  o f  t he  end piece which f i t s  over t he  specimen a l i g n  
w i t h i n  0.005 i n . ,  t o  provide thermal c o n t a c t  over a f i x e d  length 
o f  t he  specimen. The a c t i v e  l eng th  of  t he  specimen i s  the d i s t -  
ance between the  metal  end pieces .  
Aluminum r i n g s ,  
The specimen i s  i n t e r n a l l y  i n s u l a t e d  w i t h  a l t e r n a t e  d i s c s  of 
aluminized mylar and nylon n e t t i n g .  V e n t i l a t i o n  is  provided 
through a 0,0625-in. hole  d r i l l e d  i n  t h e  lower end f i t t i n g .  The 
lower f i t t i n g  i s  then bonded t o  the  specimen w i t h  the  i n t e r n a l  
r i n g  i n  place.  A high thermal conduc t iv i ty  epoxy, De l t a  Bond 
152, i s  used i n  the  assembly of t he  specimen. While high f o r  
epoxy, the thermal conduc t iv i ty  of t he  bonding material. i s  l i t t l e  
higher  than t h a t  of t he  specimens ( i f  no t  lower).  However, e f -  
f e c t s  of t h i s  thermal r e s i s t a n c e  a r e  kep t  t o  a n e g l i g i b l e  va lue  
by maintaining small c l ea rances  on the  mating p i eces ,  s o  t h a t  the 
r a t i o  of the a r e a  of t he  epoxy t o  i t s  thermal pa th  l eng th  i s  very 
g r e a t .  The lower h e a t e r ,  c o n s i s t i n g  of  a pair of e l e c t r i c a l  
r e s i s t o r s  bonded t o  the lower f i t t i n g ,  and t h e  thermocouples a r e  
now i n s t a l l e d .  
I V - 1 1  
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Figure IV-6 Thermal Conductivity Test Specimen Insta l lat ion,  
Schematic Diagram 
I  
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Upper End F i t t i n g  
I I 
I J  
r !  I 1  
\ Lower End F i t t i n g  
Figure IV-7 Specimen Assembly D e t a i l s  
Next t h e  specimen i s  e x t e r n a l l y  in su la t ed .  A s  shown i n .  
F igure  IV-6, i nd iv idua l  i n s u l a t i o n  l a y e r s  are formed so as t o  
make concen t r i c  bags around the  specimen 'and lower h e a t e r .  This 
i s  accomplished by f i r s t  c u t t i n g  squares  of adequate s i z e  of  
aluminized mylar and nylon n e t t i n g  and p e r f o r a t i n g  each wi th  a 
ho le  of t h e  same diameter  as the  ou t s ide  of t he  tube specimen. 
A s h o r t  r a d i a l  c u t  from t h e  ho le  i s  made i n  each f o i l  and spacer, 
t o  p e r m i t  assembly over the  tube.  
a r e  then  assembled f l a t  over t he  specimen w i t h  each l a y e r  of  
mylar separa ted  by two spacers. The f o i l s  are r o t a t e d  so t h a t  
t h e  r a d i a l  c u t s  are no t  adigned. The c u t s  are r e p a i r e d  w i t h  
mylar tape a s  t h e  f o i l s  a r e  proper ly  pos i t ioned .  S t a r t i n g  from 
the  lower end, each l aye r  i s  formed so as t o  enclose t h e  hea te r .  
Zxcess m a t e r i a l  is  trimmed and t h e  c losu re  i s  secured w i t h  mylar 
tape. 
folded through the  i n s u l a t i o n ,  are no t  shown i n  t h e  schematic,  
This i s  done i n  such a manner t h a t  a t  least  1 f t  of  each wire i s  
enclosed i n  t h e  i n s u l a t i o n ,  A t y p i c a l  specimen a f t e r  i n s u l a t i o n  
is shown i n  Figure IV-8. The shroud i s  then i n s t a l l e d  and i n -  
s u l a t e d  a s  shown i n  F igures  IV-9 and IV-10. F i n a l l y ,  t h e  e n t i r e  
assembly i s  i n s t a l l e d  i n  t h e  vacuum chamber, 
A l l  l a y e r s  of  t h e  i n s u l a t i o n  








For the  stacked washer and s e l f - a l i g n i n g  bea r ing  tests,  a 
dua l  bellows f o r c e  mechanism i s  added t o  the  t e s t  assembly as 
shown schemat ica l ly  i n  F igure  IV-lle Determinat ion of the thermal 
conduction of the  component i s  aga in  accomplished by measurement 
of the  temperatures a t  each end of t h e  component and the e l e c t r i c a l  
power app l i ed  t o  the  lower h e a t e r .  
hea t e r  i s  connected t o  t h e  bellows assembly by an S-glass epoxy 
tube, t o  minimize the  l o s s  of hea t  t o  the  bellows u n i t .  I n  
p r i n c i p l e ,  t h i s  t e s t  con f igu ra t ion  i s  i n s u l a t e d  i n  t h e  same 
manner as descr ibed  above f o r  t h e  tube specimens. 
however, t h e  i n s u l a t i o n  of t hese  specimens was m x h  more d i f -  
f i c u l t  t o  accomplish and t h e  thermal leakage through t h e  i r s u l a -  
t i o n  t o  the  surroundings was more d i f f i c u l t  t o  e s t ima te .  F igure  
IV-12 shows t h e  f o r c e  mechanism w i t h  t h e  s tacked  washer specimen 
i n s t a l l e d ,  p r i o r  t o  i n s u l a t i o n .  A f o r c e  was app l i ed  t o  t h e  
specimen by p r e s s u r i z i n g  one o r  t h e  o t h e r  o f  the  bellows, depend- 
i n g  on whether a t ens ion  o r  compression loading  was des i r ed .  The 
o the r  bellows, exposed t o  l o c a l  atmospheric p re s su re ,  was purged 
wi th  helium t o  pre-Jent condensation of a i r  i n  the  bellows. 
The f l ange  below t h e  lower 
I n  p r a c t i c e ,  
The s t r u c t u r a l  materials and components tests were conducted 
on a t h r e e - s h i f t  b a s i s  because each tes t  r a n  a t  l e a s t  48 hours.  
Using t h e  above descr ibed  equipment, t h e  tests were accomplished 
i n  the  following manner, Af t e r  i n s t a l l a t i o n  i n  t h e  vacuum 
chamber 2nd pump down t o  a p res su re  of 5 x 10- mu hg, o r  below, 
the  hydrogen tank was purged w i t h  helium and then  f i l l e d  w i t h  
l i q u i d  hydrogen. No power was app l i ed  to  e i t h e r  h e a t e r  u n t i l  a l l  
p a r t s  of t h e  system had come t o  t h e i r  equ i l ib r ium temperatures.  
A t  t h i s  po in t ,  d a t a  recordi :  g and/or logging was begun. 
o b t a i n  t h e  lowest temperature d a t a  po in t ,  a power was e s t a b l i s h e d  
and then  app l i ed  t o  t h e  lower h e a t e r  t o  r e s u l t  i n  an  expected 
temperature d i f f e r e n c e  of 10 t o  20°R a c r o s s  t h e  specimen. This 
power l e v e l  was maintained u n t i l  t h e  e n t i r z  system aga in  s t a b i l i z e d .  
A second power s e t t i n g  was then  based on the  a c t u a l  temperature 
d i f f e r e n c e  a t t a i n e d  dur ing  t h e  f i r s t  t e s t .  
with two o r  t h r e e  power l e v e l s  on the  lower h e a t e r  and wi th  the  
upper hea te r  unpowered so as t o  main ta in  a minimum co ld  end 
temperature,  power was app l i ed  t o  t h e  upper h e a t e r  t o  r a i s e  t2.e 
cold end temperature. Af t e r  s e v e r a l  s t e a d y - s t a t e  tests had been 
completed wi th  t h e  co ld  end temrera ture  hnlow 100°R, the  hydrogen 
was t r a n s f e r r e d  o u t  of t h e  tank. The r a t e  of tempera tme r i s e - o f  
t h e  co ld  end of t h e  specimen was then r egu la t ed  by ad jus tmeat  of 
t h e  power app l i ed  t o  the  upper h e a t e r .  Since t h e  na tura l .  osrmup 
time of the  system was on t h e  o rde r  of 5 t o  7 days,  almo;: 8cy 
d e s i r e d  temperature r i s e  r a t e  could be programed. 
To 
A f t e r  ob ta in ing  d a t a  
IV-17 




Figure IV-11 Structural Component Test Configuration 








From t h i s  p o i n t ,  a t e s t  p lan  was followed t h a t  was designed t o  
o b t a i n  the maximum d a t a  coverage poss ib l e  i n  the  t i m e  a v a i l a b l e  
be fo re  weekend shutdown o r  programed te rmina t ion  of t h e  t e s t .  
Data was acqui red  under t r a n s i e n t  and near s t e a d y - s t a t e  condi- 
t i o n s  t h a t  could be obtained by c a r e f u l  r e g u l a t i o n  of power i n -  
p u t .  
va r i ed  dur ing  t r a n s i e n t  d a t a  record ing  and between s t e a d y - s t a t e  
d a t a  p o i n t s ,  
The temperature d i f f e r e n c e  ac ross  t h e  specimen was a l s o  
Data Reduction - For those t e s t  d a t a  obta ined  under s t eady-  
s t a t e  cond i t ions ,  i .e . ,  s teady  power input  and cons t an t  end t e m -  
pe ra tu re s ,  d i r e c t  computation of t h e  thermal conduc t iv i ty  of t h e  
specimens could be made wi thou t  c o n s i d e r a t i o n  of the  energy r e -  
qu i red  t o  change t h e  temperature of t h e  va r ious  thermal masses 
a s soc ia t ed  w i t h  the  hardware. Some of the  d a t a ,  however, were 
recorded dur ing  the  t r a n s i t i o n  from one p o i n t  t o  another .  Re- 
duc t ion  of the  composite tube specimen d a t a  was accomplished by 
a computer program t h a t  included c o r r e c t i o n  f o r  l o s s e s  through 
the  i n s u l a t i o n  i n s t a l l e d  around t h e  specimen and through the  
power and in s t rumen ta t ion  l ead  wi re s .  I n  a d d i t i o n ,  t h e  program 
provided compensation f o r - t h e  energy absorbed o r  g iven  up hy 
the  thermal masses. The e f f e c t i v e  thermal mass c o n s i s t e d  p r i -  
mar i ly  of t h e  aluminum end piece,  b u t  also included t h e  i n s u l a -  
t i o n ,  a p o r t i o n  of the lead wires, a po r t ion  of the  sample, e t c .  
Therefore,  the a c t u a l  thermal mass used was v a r i e d  dur ing  re- 
peated i t e r a t i o n s .  Its i n i t i a l  va lue  was taken  as t h a t  of t h e  
aluminum end piece,  and it was increased  upward by s t e p s ,  The 
thermal c a p a c i t y  of t h i s  mass was considered t o  have the  charac-  
t e r i s t i c s  of aluminum. Thus, by' p l o t t i n g  the  apparent  thermal 
conduc t iv i ty  ve r sus  temperature f o r  the v a r i o u s  t r ia l  va lues  of 
t h e  mass, a fami ly  of thermal conduc t iv i ty  ve r sus  temperature 
curves was obtained. 
the  s t e a d y - s t a t e  d a t a  po in t s  was taken as t h e  test r e s u l t ,  
i n c o r r e c t  s e l e c t i o n  of the  t h e r n a l  mass, t h e  curve would d e v i a t e  
above o r  below such a smooth curve f o r  t h e  t r a n s i e n t  d a t a  p o i n t s .  
Because the d a t a  obtained from the  t e s t  was no t  continuous,  a 
c e r t a i n  amount o f  s c a t t e r  occurred. F igure  IV-13 is  a t y p i c a l  
p l o t  obtained from the  d a t a  r educ t ion  program. Because of t h e  
s c a t t e r  and the  l a r g e  number of d a t a  po in t s  cons idered ,  the p l o t s  
presented  f o r  t h e  va r ious  specimens r e p r e s e n t  the  b e s t  f i t  and 
do no t  show the  i n d i v i d u a l  d a t a  p o i n t s  ob ta ined .  
That curve  which smoothly passed through 
For 
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Figure IV-13 T y p i t a l  Computer P l o t  for Composite Materia1 Thermal 
Conduct ivi ty  Test Data Analysis  
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Correc t ion  f o r  t he  lead  wi re  conductance and f o r  t he  i n s u l a -  
t i o n  hea t  leakage considered t h e  temperature dependency e f f e c t  
on t h e  conduction of t hese  m a t e r i a l s .  The input  d a t a  t o  r e p r e s e n t  
t he  phys ica l  c h a r a c t e r i s t i c s  of t h e  i n s u l a t i o n  and lead  wi re  could 
n o t  be h ighly  accu ra t e ,  b u t  va lues  were inpu t  based on approxi -  
mate measured geometries and dimensions. I n  t h e  test  des ign ,  an  
e f f o r t  was made t o  keep t h e  extraneous hea t  f l uxes  t o  a small  va lue ,  
hopefu l ly  below 10% t o  minimize t h y i r  e f f e c t s .  I n  reviewing the  
a c t u a l  d a t a  reduct ion ,  t h e  extraneous hea t  leak  appears  t o  have 
v a r i e d  from below 5% t o  as much as 20% of t h e  t o t a l  hea t  f l u x  
through the  specimen. This va lue  i s  dependent on the  thermal 
conduc t iv i ty  of  t h e  specimen, t h e  ope ra t ing  temperature,  and 
temperature  d i f f e r e n c e  ac ross  the  specimen. I n  planning t h e  
t r a n s i e n t  phases of t h e  tests,  t h e  temperature  r i s e  r a t e  and 
temperatu; e d i f f e r e n c e  ac ross  t h e  s p e c i m n  were he ld  t o  va lues  
f o r  which t h e  est imated e f f e c t  of  h e a t  s t o r a g e  i n  t h e  materials 
would n o t  exceed 25% of t h e  h e a t  f l u x  through the  specimen. 
I f  t h e  d a t a  r educ t ion  technique was scccess fu l  i n  reducing 
these  e r r o r  con t r ibu t ions  each by a t  least  two t h i r d s ,  then  
t h e i r  n e t  con t r ibu t ions  would be no more than 6.7% and 8.3%,. 
r e s p e c t i v e l y .  Consider ing these  independent e r r o r  c o n t r i b u t i o n s  
along wi th  e s t ima ted  inaccurac i e s  i n  temperature ,  power , and 
phys ica l  measurements o f  t h e  specimen, an  o v e r a l l  accuracy e s t i -  
mate of 10% t o  12% can be  made us ing  t h e  normal root-mean-square 
e r r o r  a n a l y s i s  technique.  
A specimen of a known thermal conduc t iv i ty  was not  used f o r  
c a l i b r a t i n g  the  appara tus  and procedure.  However, a s  a check on 
t h e  accuracy of t h i s  thermal conduc t iv i ty  device ,  two S-g lass  , 
epoxy specimens were c u t  from the  same tube (specimens 2 and 3) 
i n  an e f f e c t i v e  l eng th  of 1 - i n .  and 0 ,5  i n . ,  r e spec t ive ly .  Since 
t h e  h e a t  f l u x  under given cond i t ions  €or  the  0.5-in. specimen 
would b e  twice t h a t  f o r  t h e  1- in .  specimen, comparison of t he  t w o  
r e s u l t s  provides a usezul  check on o v e r a l l  accuracy.  Resul t s  f c r  
t h e  two t e s t s  were w i t h i n  3% a t  lOO'R and SOO'R. 
Test  d a t a  f o r  t he  s t r u c t u r a l  components, t he  s tacked  washer,  
and s p h e r i c a l  s e l f - a l i g n i n g  bear ing  specimens, were analyzed i n  
the  same manner. Correc t ions  t o  account f o r  t he  f i b e r g l a s s  tube 
between the  specimen and t h e  bellows assembly, and f o r  a r e a s  which 
C P I  7 no t  be f u l l y  i n s u l a t e d ,  were added t o  t h e  thermal  c o r r e c t i o n  
ne ... ork. I n  a d d i t i o n  co t h e s e  extraneous hea t  f l uxes ,  thermal 
masses were much g r e a t e r .  
reduced, appears t o  be c o n s i s t e n t  and r e a l i s t i c ,  some of the  d a t a  
appeared e r r a t i c ,  Most of t he  t e s t  d a t a  presented i s  be l ieved  t o  
be of s u f f i c i e n t  accuracy t o  be u s e f u l ,  bu t  no e s t ima te  f o r  t he  
l i m i t  of  inaccuracy i s  made, 








Fiber Dia-eter Diametei 
Orientation (in.! ( i n . )  
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Test Resu l t s  - A d e s c r i p t i o n  of the  specimens which were t e s t e d  
and the t e s t  r e s u l t s  f o r  each i s  presented  i n  the following para- 
graphs.  
Fiber Fiber 
by Weight by Volume 









Several of t h e  composite m a t e r i a l  tube specimens a r e  shown i n  
Figure IV-14. Figure IV-15 shows the  method of assembly of the 
tubes and end f i t t i n g s .  The p o l a r i s  - 4::y system, as descr ibed  
i n  Chapter 111, Sect ion  G, was used f a r  a l l . o f  the composite 
material specimens. Phys ica l  d e t a i l s  and t h e  r e fe rence  t o  the 
proper thermal conduc t iv i ty  ve r sus  temperature graphs are given 
i n  Table I V - 1 .  Attempts t o  p rodwe  a c i r c u m f e r e n t i a l l y  wound 
boron epoxy specimen were n o t  success fu l  because o f  breakage of 
the Yiber when wound on a 1- in .  diameter mandrel. 
Thermal Conductivity 
Curve (Figure No.) 
IV-16A 
IV-16B 
IV-  16 
IV-  17 
IV- 18 
I V -  19 
Table IV-1 Phys ica l  P r o p e r t i e s  of Tes t  Specimens 
6 Graphite 
(T!.ornel-)O) Longitudinal 0.998 1.114 
-- 
1 S-glass Circumferential 1.002 1.140 
2 1 S-glass 1 Longitudinal 1 1.000 I 1.132 
3 S-glass longitudinal 1 .OOO 1.132 1 :::;:4-in. dia) 1 Longitudinal 1 1.005 1 1.143 
(Thornel-50) Circumferential 1.005 1.1137 IGraphite I I I 
Eff ec tivt 
Length 







Figure  IV-20 p resen t s  a comparison of t h e  thermal c h a r a c t e r -  
ist ics of the  above specimens, w i th  t h e  except ion  of the  long i tu -  
d i n a l l y  o r i e n t e d  g r a p h i t e  epoxy. 
The s e l f - a l i g n i n g  s p h e r i c a l  bea r ing  specimen i s  shown be fo re  
assembly i n  F igure  IV-21. 
Bearing Corporat lon under par t  n m b e r  HSR-4-7. 
l e s s  s t e e l  c o n s t r u c t i o n  and has ;.n o u t s i d e  diameter of 0.6562, 
a 0.25-in. bore and 0,5-in. ba1'- d iameter .  
s ists  of the  bear ing ,  a s t e e l  b o l t  and n u t ,  and aluminum end 
f i t t i n g s ,  
aluminum, the  measured conductance was e s s e n t i a l l y  t h a t  of t h e  
b o l t  and bear ing  combination. 
*+*ooo f o r  the  mating part a t  room temperature,  The aluminum - . Q005 
housing was bored t o  provide the  recommended f i t  a t  100°R, r e s u l t -  
ing i n  a c l ea rance  of about 0.001-in. a t  room temperature.  
s u l t s  of the  thermal conduction t e s t s  f o r  t h i s  specim- =a a r e  
presented i n  Figure IV-22. 
The bea r ing  was manufactured by Kahr 
It i.s of s t a i n -  
The t e s t  assembly con- 
Because of the  high thermal c o n d u c t i v i t y  of the  
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MCR-69 -405 
The s tacked  washer t e s t  specimen i s  shown p a r t i a l l y  assembled 
i n  Figure IV-23. This specimen inc ludes  300 0.004-in. s t a i n l e s s  
s tee l  washers,  0.750-in. O.D. x 0.453-in. I . D .  Washers (150) a r e  
assembled on each s i d e  of  t h e  in te rmedia te  f i t t i n g ,  as shown i n  
F igure  IV-24. Tes t s  were conducted w i t h  va r ious  app l i ed  fo rces  
f o r  two preload cond i t ions  on t h e  washers.  The f i r s t  t es t  was 
w i t h  e s s e n t i a l l y  no pre load ,  
plying a torque  of  100 in . - lb s  o r  more t o  the  n u t ,  and then back- 
ing  the  n u t  o f f  s e v e r a l  t i m e s .  The f i n a l  backoff  w a s  t o  t h e  
po in t  where n e g l i g i b l e  torque,  less than  1 i n . - lb ,  was observed. 
Tes t  r e s u l t s  f o r  t h i s  preload cond i t ion  are presented  i n  F igure  
IV-25. For the  second load cond i t ion ,  a torque of  50 in . - lb  was 
appl ied  t o  t h e  nut .  The 0.4375-in. 20 UNF n u t  w a s  of t h e  s e l f -  
locking  type,  bu t  w a s  re tapped t o  t u r n  f r e e l y  on t h e  threaded 
stem. Resu l t s  f o r  t h i s  t es t  c o n d i t i o n  are g iven  i n  F igure  IV-26. 
This was accomplished by f i r s t  a p -  
The raw t e s t  d a t a  f o r  t hese  specimens was processed i n  t h e  
same manner as w a s  t h a t  f o r  t h e  composite material tests. Again, 
t he  curves presented r e p r e s e n t  t h e  b e s t  i n t e r p r e t a t i o n  of  a l a r g e  
number of somewhat s c a t t e r e d  d a t a  p o i n t s .  As previous ly  pointed 
out ,  c o r r e c t i o n s  f o r  extraneous h e a t  l eak  and thermal  capac i ty  
e f f e c t s  were more severe  f o r  t h e s e  tests.  I n  a d d i t i o n ,  t h e r e  i s  
some d iscrepancy  of  d a t a  f o r  t he  lower app l i ed  f o r c e  condi t ions .  
This was most l i k e l y  caused by inaccurac i e s  i n  t h e  fo rce  d e t e r -  
minat ion,  occu r r ing  as a r e s u l t  of i naccura t e  de te rmina t ion  of 
e f f e c t i v e  bellows aieas and d i f f e r e n t i a l  thermal c o n t r a c t i o n  
e f f e c t s .  
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C, INTEGRATED TANK INSULATION SYSTEM TEST i 
I . 
Amajor  o b j e c t i v e  of t b i s  study has been t h e  eva lua t ion  of 
means f o r  u t i l i z i n g  b o i l c f f  gas t o  i n t e r c e p t  hea t  leak ing  i n t o  a 
hydrogen s to rage  tank, and thereby reduce the b o i l o f f  losses. 
B o  of the  most s i g n i f i c a n t  sources  of h e a t  i n t o  a t y p i c a l  l a r g e  
s c a l e  cryngenic tank are i n s u l a t i o n  and p ip ing  h e a t  f l uxes .  The 
problem of u t i l i z i n g  the  r e f r i g e r a t i o n  capac i ty  of the vent  gas 
t o  r e i l c e  hea t  f l u x  f ron  these  two sources  has been analyzed i n  
d e t a i l .  The conclusion of the  a n a l y t i c a l  s t u d i e s  i s  t h a t  €o r  an 
optimized system, up t o  50% reduc t ion  of b o i l o i f  can be achieved. 
I n  p a r t i c u l a r ,  i t  appears a t t r a c t i v e  t o  i n t e r c e p t  hea t  i n  the  
i n s u l a t i o n  system f o r  l a r g e  scale tankage. 
by d iv id ing  the  i n s u l a t i o n  i n t o  two parts -- a tank-  znd a shroud- 
mounted blanket .  A hea t  exchanger can be i n s t a l l e d  on t h e  s u r -  
face  of e i t h e r  of these b l anke t s  and phys ica l ly  connected to 
a s s u r e  thermal con tac t .  A more a t t r a c t i v e  approach, i n  many 
r e s p e c t s ,  i s  to mount the hea t  e::-'-anger between t h e  b l anke t s  
w i t h  the thermal energy t r a n s p o r -  accoinplished by means of r a d i a -  
t i o n .  This approach e l imina te s  the need f o r  phys ica l  connection 
between the  insul,,:ion and h e a t  exchanger a d  p e r m i t s  tne hea t  
exchanger t o  be supported i n  the  most convenient manner. 
preliminary des ign  a n a l y s i s  prev ious ly  descr ibed  i n d i c a t e s  t h a t  
such an approach i s  f e a s i b l e  €or the  tankage system considered 
i n  t h i s  study. 
This can be accomplished 
The 
Unfortunately,  the  thermal des ign  of the r a d i a t i v e l y  coupled 
i n s u l a t i o n  cool ing  system is  dependent on s e v e r a l  v a r i a b l e s  
which nzay be d i f f i c u l t  t o  p r e d i c t .  Of primary inpor tance  a re :  
1) Actual dependence of i n s u l a t i o n  conduc t iv i ty  on tem- 
perature;  
2 )  E f f e c t i v e  e m i s s i v i t y  of i n s u l a t i o n  b l anke t  s u r f a c e s ,  
and d i r e c t i o n a l  e f f e c t s ;  
3) E f f e c t i v e  conductance along i n s u l a t i o n  s u r f a c e s ,  and 
through annular  gap; 
4) View f a c t o r  from nea t  exchanger element t o  i n s u l a t i o n  










2 .  Descriptio:: of Test  Apparatus 
To s a t i s f y  these  o b j e c t i v e s ,  a t e s t  a r t i c l e  i g a s  f a b r i c a t e d ,  
us ing  an e x i s t i n g  4-ft  diameter  by approximately 6 - f t  long s t a i n -  
l e s s  s t e e l  hydrogen tank, and 6 - f t  diameter  vacuum chamber. The 
o v e r a l l  l ayout  o f  t h e  t e s t  s e tup  i s  shown i n  Figure IV-27. 
Bas ica l ly  t h e  equipment c o n s i s t s  o f  a l i q u i d  hydrogen tank mounted 
w i t h i n  a con t ro l l ed  temperature shroud , and i n s u l a t e d  wi th  tank 
a-ild shroud i n s u l a t i o n  b l anke t s  of m u l t i l a y e r  insulation.,  Addi- 
t i o n a l  thermal c o n t r o l  is  achieved through the  use of  vent  gas  
heat exchangers t h a t  i n t e r c e p t  h e a t  be fo re  i t  reaches  the t ank .  
Since t h e  uncertaLnty of these  v a r i a b l e s  r e s u l t s  i n  some un- 
c e r t a i n t y  i n  the  a n a l y t i c a l  r e s u l t s ,  i t  i s  d e s i r a b l e  t o  o b t a i n  
experimental  d a t a  t h a t  can be  conipared wi th  the  a n a l y t i c a l  p red ic  - 
t i o n s .  Therefore  a s m a l l  scale tes t  program was undertaken t o  
i n v e s t i g a t e  exper imenta l ly  t h e  cooled i n s u l a t i o n  concept  us ing  
r a d i a t i o n  coupl ing wi th  the  h e a t  exchanger. I n  a d d i t i o n ,  coo l ing  
of  p ip ing  pene t r a t ions  t o  the tank was included a s  part of the  
t o t a l  system test .  
1.  Test  Objec t ives  
The o b j e c t i v e s  of  t h i s  tes t  program were to: 
Demonstrate f e a s i b i l i t y  of  us ing  vent  gas t o  e f f e c t  a 
s u b s t a n t i a l  r educ t ion  i n  b o i l o f f  l o s s e s  through coo l -  
i ng  of pip ing  pene t r a t ions ,  and by use of a r a d i a t i v e l y  
coupled h e a t  exchanger between two tank p r o t e c t i  i n -  
s u l a t i o n  b l anke t s  t o  i n t e r c e p t  a p a r t  of t h e  hea t  
reaching  t h e  tank through t h e  ir.sulat i on  sys  tern. 
Obtain s u f f i c i e n t  d e t a i l e d  temperature  and b o i l o f f  
d a t a  t o  permit compari con wi th  a n a l y t i c a l  p r e d i c t i o n s ,  
and provide des ign  d a t a  and/ o r  i n s i g h t  regard ing  the  
important  des ign  parameters l i s t e d  i n  the  previous 
sect ion;  
Obtain performance d a t a  on t h e  tank i n s u l a t i o n  s y s -  
t e m ,  w i th  h e a t  exchanger system i n a c t i v e ,  as a b a s i s  
f o r  determining improvement r e a l i z e d  wi th  the  h e a t  
i n t e r c e p t i o n  devices  a c t i v e ;  
Determine gene ra l  ope ra t ing  c h a r a c t e r i s t i c s  and un- 
foreseen  d i f f i c u l t i e s  i n  a p p l i c a t i o n  of  the  cooled 
i n s u l a t i o n  technique.  
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The tank,  shroud, i n s u l a t i o n ,  and h e a t  exchangers are i n s t a i l l e d  
i n  a vacuum chamber t o  provide t h e  proper ope ra t ing  environment. 
The tank i s  a n  e x i s t i n g  4 - f t  d iameter ,  6 - f t  long, 304 s t a i n -  
less s tee l  tank w i t h  0.25 and 0.375-in. walls i n  the  b a r r e l 1  and 
dome s e c t i o n s ,  r e s p e c t i v e l y .  A 14-in. manway permi ts  access i n t o  
t h e  i n t e r i o r  o f  t h e  tank. l h o  s t a i n l e s s  s teel  tubes ,  2- in .  and 
2.5-in. diameter ,  e n t e r  t h e  upper dome of t h e  tank t o  provide f o r  
f i l l i n g ,  ven t ing  and p r e s s u r i z i n g  t h e  tank. 
Electrical feed-throughs i n  these  l i n e s  p e r m i t  ins t rumenta-  
t i o n  wi r ing  access t o  t h e  tank.  Liquid hydrogen i s  loaded through 
a 0.75-in. s t a i n l e s s  s t ee l  tube,  mounted c o n c e n t r i c a l l y  w i t h i n  
the  2-in. tube through t h e  dome. This tube extends t o  the  bottam 
of t h e  tank t o  provide a means of d r a i n i n g  the  tank.  An 18-in.  
s e c t i o n  i n  t h e  upper p o r t i o n  of  t h e  f i l l  probe i s  cons t ruc t ed  o f  
epoxy f i l l e d  f i b e r g l a s s ,  0.75-in. I.D. by 0.865-in. O.D., t o  
minimize t h e  h e a t  l eak  through t h e  l i n e .  
by t h r e e  f i b e r g l a s s  epoxy t ens ion  members, 5.875 i n .  long by 
approximately 0.187-in. diameter .  
The tank i s  supported 
A shroud i s  i n s t a l l e d  between t h e  vacuum chamber w a l l  and t h e  
l i q u i d  hydrogen tank. This  shroud se rves  two purposes: (1) i t  
provides  a cons t an t  boundary temperature  dur ing  tes ts ;  (2)  t h e  
shroud is  used t o  suppor t  a n  o u t e r  b l anke t  of i n s u l a t i o n  t h z t  i s  
p a r t  o f  t h e  tank i n s u l a t i o n  system. 
The shroud, shown i n  F igure  IV-28, c o n s i s t s  of a n  aluminum 
framework suppor t ing  a sheet aluminmi ?*kin. 
t h e  w a l l s  of t h e  vacuum chamber by t h r e e  0.1875-in. s t a i n l e s s  s teel  
c a b l e s .  
s i s t i n g  o f  l eng ths  of 22-gage copper wire, bonded t o  t h e  o u t s i d e  
s u r f a c e  of  t h e  shroud wi th  a thermal ly  conduct ive epoxy (Emerson & 
Cumming, S t y c a s t  2850-FT) . .This  h e a t o r  i s  d iv ided  i n t o  t h r e e  u n i t s :  
t h e  b a r r e l  s e c t i o n  of 500 w a t t s  capac i ty ;  one on each of t h e  end 
cones,  each capable  of  100 w a t t s  powet d i s s i p a t i o n - o r - m o r e .  These 
h e a t e r s  a r e  direct-current-powered ani:' provide t h e  c a p a b i l i t y  of 
maintaining t h e  shraud a t  a t e m p r a t u r e  of 75'F o r  g r e a t e r .  The 
completed lowet h a l f  of t h e  sh ro t?  i s  shown i n  F i g u r e  IV-29. 
It i s  supported from 
The shroud is heated by neat 3 o f  e l e c t r i c a l  h e a t e r s  con- 
IV-41 
An i n s u l a t i o n  b lanket  c o n s i s t i n g  of f i v e  l a y e r s  of aluminized 
mylar and 12  l a y e r s  o f  nylon n e t  i s  i n s t a l l e d  on t h e  o u t s i d e  of 
t h e  sh roud , to  reduce t h e  power requirements  and a i d  i n  maintain-  






- Note: Heater wire bonded t o  outs ide  sur face  
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This t e s t  a r t i c l e  was o r i g i n a l l y  designed t o  inco rpora t e  the  
thermodynamic ven t  system CODC tpc. Therefore ,  a h e a t  exchanger,  
c o n s i s t i n g  of 95 f t  of  0.25-in.  I . D . ,  0.030-in. wall copper tub -  
ing  W F :  i n s t a l l e d  i n  the  tank. This i n t e r n a l  h e a t  exchanger was 
mour.ted t o  v e r t i c a l  frame members a t t ached  t o  t h e  tank wall. The 
tubing was i n s t a l l e d  wi th  approximately uniform d i s t r i b u t i o n  from 
bottom t o  top  i n  a spiral  conf igu ra t ion .  The thermodynamic v e n t  
system des ign  included a submerged on-off so lenoid  v a l v e  anh a 
'Lee J e t  (GW AA 45) flow r e s t r i c t o r .  The va lve  t o  be used was a 
C i r c l e  Seal  model A649T 4 BP-AA, modified by the  i n s t a l h t i o n  of  
Teflon seals. This va lve  was chosen because o f  i t s  h i s t o r y  of 
success fu l  ope ra t ion  i n  a siaiiar 1 i . lu id  hydrogen a p p l i c a t i o n .  
Unfortunately,  however, neithc-r t h e  va lve  o r i g i n a l l y  s e l e c t e d ,  
nor s e v e r a l  o t h e r s  which were t r i e d ,  would shu t  o f f  t o  an  accep t -  
a b l e  leak  rate. The thermodynamic ven t  was t h e r e f o r e  abandoned, 
and the  i n t e r n a l  h e a t  exchanger was i n a c t i v a t e d ,  bu t  allowed t o  
remain i n  place.  
Three o the r  h e a t  exchangers are used t o  i n t e r c e p t  h e a t  t h a t  
would normally e n t e r  t h e  tank.  
t h e  hydrogen being used f o r  i n t e r c e p t i n g  t t e  tank pene t r a t ion  
hea t  leak ,  and p a r t  be ing  used f o r  cool ing  t h e  i n s u l a t i o n .  The 
h e a t  exchangers on t h e  tank pene t r a t ion  c o n s i s t  of 0.25-in. 0 .D., 
0.030-in,  wall s t a i n l e s s  s teel  tubing s i l v e r - s o l d e r e d  t o  each of  
the  two tank pene t r a t ions .  Approximately 40 i n .  of  tub ing  i s  
coi.led uniformly around each p i p e  from approximately 2 t o  i o  i n .  
from t h e  tank i n t e r f a c e .  
The flow i s  d iv ided ,  w i t h  p a r t  o f  
The i n s u l a t i o n  i s  cooled by means of a r a d i a t i o n  h e a t  exchanger 
loca ted  midway between t h e  tank-mounted i n s u l a t i o n  and t h e  shroud- 
mounted i n s u l a t i o n .  This h e a t  exchanger, dep ic t ed  i n  Figure IV-30, 
c o n s i s t s  of  0.25-in. O.D., 0.030-in. wali copper tubing c o i l e d  
around a s t a i n l e s s  a t e e l  suppor t  frame. It i s  supported from t h e  
tank wi th  dacron t ens ion  t ies .  Approximately 41  F t  of  tubing i s  
used on the  b a r r e l  s e c t i o n  w i t h  approximately 10 f t  on each dome. 
A f i n  of  4- in .  wide by 0.005-in. t h i c k  copper i s  so f t - so lde red  
t o  the tubing p a r a l l e l  t o  t he  i n s u l a t i o n  su r faces .  The f i n  tube 
assembly is  pa in ted  w i t h  o p t i c a l l y  black p a i n t .  
t h ree  h e a t  exchangers is  connected t o  a manual t h r o t t l i n g  va lve  
ou t s ide  the  vacuum chamber t o  p e r m i t  adjustment of t he  flow 
through t h e  h e a t  exchangers.  A schematic diagram of the  flow 
c i r c u i t  i s  shown i n  F igure  IV-31. 
Each of t he  
i 
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The tank was i n s u l a t e d  w i t h  a mul t i l aye r  i n s u l a t i o n  system 
c o n s i s t i n g  of  0.25-mil mylar f i l m  r a d i a t i o n  s h i e l d s ,  alumin<.zed 
on both s i d e s ,  and 14  x . 1 4  mesh (0.007 i p .  approximately) nylon 
n e t t i n g  spacers. 
t i o n  s h e i l d s  w i t h  two l aye r s  of  n e t t i n g  s e p a r a t i n g  each s h i e l d  
and assembled t o  a th ickness  of 0.5 i n .  The shroud-mounted 
b lanket  i s  made of 40 r a d i a t i o n  s h i e l d s  each sepa ra t ed  by two 
l a y e r s  of  n e t t i n g  and assembled t o  a 1- in .  b l anke t  th ickness .  
The aluminized mylar was pe r fo ra t ed  wi th  0.125-in.  ho les  cm 6 i n .  
c e n t e r s  t o  a s s u r e  adequate  evacuat ion.  
The tank-mounted b lanket  c o n s i s t s  of 20 r a d i a -  
IV-47 
The tank i n s u l a t i o n  system was preformed i n t o  four  panels  -- 
two dome s e c t i o n s  and two h a l f - b a r r e l  s e c t i o n s .  The dome assembly 
f i x t u r e  i s  shown i n  Figure IV-32 w i th  the manhole cover form in -  
s t a l l e d .  
assembled. Details of t h e  i n s u l a t i o n  assembly and i n s t a l l a t i o n  
are given i n  Figure IV-35. %o l a y e r s  of nylon n e t  served as inner  
and o u t e r  covers  f o r  t he  i n s u l a t i o n  panels .  Cot ton thread  was 
used t o  assemble the  b l anke t  i n  t h e  fol lowing manner: Lengths o f  
th read  were f i r s t  t i e d  t o  t h e  pair  of n e t s  forming t h e  inner  
b lanket  cover a t  a spacing of  approximately 4 x 4 i n .  f o r  t he  
dome panels  and on 4 x 6 i n .  c e n t e r s  f o r  t h e  shroud pane l s ,  Each 
thread  was then  marked t o  t h e  c o r r e c t  l eng th  (0.5 i n .  f o r  tank  
panels  and 1 i n .  f o r  shroud p a n e l s ) ,  A f t e r  a l l  t h e  f o i l s  and 
spacers  were l a i d  up, each thread  was threaded i n t o  a need;-., 
pushed through the  b l anke t ,  and t i e d  t o  t h e  o u t e r  cover l a y e r s  
a t  the  pre-marked length .  This assembly method was no t  intended 
as a product ion procedure,  bu t  a s  a one-time approach t o  e v a l u a t -  
i ng  t h e  predetermined l eng th  thread  method of b l anke t  assembly, 
The procedure proved t o  be even more ted ious  and time-consuming 
than had been expected,  For product ion operat ' ions,  a mechanized 
procedure us ing  a heated needle  t o  e l imina te  t e a r i n g  of t h e  mylar 
i s  v i s u a l i z e d .  
F igures  IV-33 and LV-34 show i n s u l a t i o n  b l anke t s  p a r t i a l l y  
The i n s u l a t i o n  panels  were assembled t o  t h e  tank and shroud 
by use of  Velcro hook and p i l e  s t r i p s .  
s u l a t i o n ,  t h e  panels  were trimmed t o  c l o s e  f i t t i n g  b u t t  j o i n t s  
between panels .  A l l  j o i n t s  were then  i n t e r l e a v e d ,  l a y e r  by l a y e r ,  
w i th  3 - in ,  wide str ips of aluminized mylar,  These s t r i p s  were 
held i n  p l ace  w i t h  mylar adhesive tape  a t  a p p r o p r i a t e  i n t e r v a l s .  
The i n t e r l e a v i n g  opera t ion ,  s u r p r i s i n g l y ,  proved f a s t e r  and l e s s  
d i f f i c u l t  than  had been a n t i c i p a t e d ,  The i n s u l a t e d  tank i s  shown 
i n  F igure  IV-36. 









4 .  Descr ip t ion  of System T e s t s  
r 
1 
Two s t eady- s t a t e  b o i l o f f  t es t s  were accomplished; one wi th  
t h e  h e a t  exchanger system a c t i v a t e d ,  and one wi thout  i t .  
system and ins t rumen ta t ion  checkout, purge and pumpdown ope ra t ions ,  
ai:4 f i l l i n g  of t h e  t ank  wi th  l i q u i d  hydrogen, tes t  ope ra t ions  were 
begun on a t h r e e - s h i f t  per day b a s i s ,  
A f t e r  
The f i r s t  t e s t  (I) was accomplished by al lowing t h e  system t o  
reach  s t eady- s t a t e  cond i t ions  whi le  maintaining a cons t an t  shroud 
temperature and a cons tan t  tank  pressure  by d i r e c t  ven t ing .  The 
h e a t  exchangers were i n a c t i v a t e d  by c los ing  the  manual t h r o t t l i n g  
v a l v e s ,  
regula ted  by means of a manual t h r o t t l i n g  va lve  t o  hold a cons t an t  
tank  pressure  of 25 p s i a .  The shroud temperature  was manually 
r egu la t ed  a t  75°F by a d j u s t i n g  power supply vo l t age  f o r  t h e  t h r e e  
shroud h e a t e r s .  
The flow of GH, through t h e  convent ional  ven t  l i n e  was 
Pe r t inen t  system v a r i a b l e s  were monitored and logged a s  a 
b a s i s  f o r  determining when s t eady- s t a t e  cond i t ions  had been reached.  
When these  v a r i a b l e s  appeared t o  remain s t eady  f o r  an 8-hour per iod ,  
recording of  a l l  v a r i a b l e s  on magnetic tape  on a n  hour ly  b a s i s  was 
begun. Data was then  recorded f o r  about 8 hours  while s p e c i a l  a t -  
t e n t i o n  was g iven  t o  r e g u l a t i o n  of tank p res su re  and shroud temper- 
a t u r e s .  During t h i s  test ,  maximum v a r i a t i o n  of  t h e  tank  p res su re  
was +0.4 p s i ,  -0.3 p s i .  However, these  excurs ions  were f o r  r e l a -  
t i v e l y  s h o r t  per iods ,  w i th  a n  ind ica t ed  dev ia t ion  of  l e s s  than 0.15 
p s i  f o r  a s u b s t a n t i a l  p a r t  of t he  t e s t  per iod .  Shroud temperatures  
as ind ica t ed  a t  8 measurement po in t s ,  were maintained w i t h i n  3 
degrees  of 75°F. 
tank  f i l l  ope ra t ion  t o  completion of  t h e  f irst  t e s t  was approxi-  
mately 62 hours .  
The t o t a l  t i m e  r equ i r ed  from beginning of  t h e  
The second t e s t  (11) was begun by topping t h e  hydrogen tank.  
Valving was changed t o  i n i t i a t e  h e a t  exchanger ope ra t ion  and the  
tank pressure  was con t ro l l ed  by adjustment  of  the  t h r e e  manual 
va lves .  Shroud temperature c o n t r o l  was maintained as i n  t h e  
f i r s t  t e s t ,  During the  i n i t i s l  phase of the  t e s t ,  r a t i o s  of i n -  
d i v i d u a l  h e a t  exchanger flow r a t e s  t o  t h e  t o t a l  vent  flow were 
ad jus t ed  t o  determine t h e i r  e f f e c t  on system performance and t o  
f ind  the  flow d i s t r i b u t i o n  r e s u l t i n g  i n  minimum b o i l o f f .  
IV-55 
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Again, a f t e r  an 8-hour pe r iod  of  a p p a r e n t l y  s t eady  ope ra t ion ,  
da t a  recording was begun and continued f o r  8 hours .  During t h i s  
t e s t  phase, tank p res su re  was held to  an i n d i c a t e d  t o l e r a n c e  of 
0 . 1  p s i ,  which i s  near the r e a d a b i l i t y  o f  t h e  gage. Shroud tem- 
p e r a t u r e s  were maintained w i t h i n  +5'F. 
the second t e s t  was approximately 46 hours .  
The t o t a l  e lapsed time for  
5 .  T e s t  R e s u l t s  
The r e s u l t s  obtained from t h i s  t e s t  program arz somewhat clouded 
by high extraneous h e a t  leakage and a r e s u l t i p g  high flow r a t e  of  
cool ing gas ,  t hus  masking the  t r u e  e f f e c t  c?f ven t  gas coo l ing ,  I n  
the fol lowlng para.graphs, t h e  da t a  obtained and t h e  r e s u l t s  of an 
a n a l y s i s  t o  i n t e r p r e t  t he  d a t a  a r e  p re sen ted .  It i s  acknowledged 
t h a t  t h e  accuracy of t h e  conclusions drawn from the  t e s t  d a t a  de- 
pends on t h e  method of a n a l y s i s  and assumptions r equ i r ed  t o  per-  
form the a n a l y s i s .  
i 
During Test I t h e  average b o i l o f f  ra te  was 0.3218 lbm / h r .  
For T e s t  11, t h e  average b o i l o f f  ra te  was 0.2803 l b  m /  h r .  Thus, 
on t h e  b a s i s  of mass flow r a t e ,  a n  improvement of  approximately 
12.8% was r e a l i z e d .  However, t h e  l i q u i d  l e v e l  was approximately 
4 t o  5 i n .  h ighe r  f o r  t he  second phase of t h e  t es t .  This, p l u s  
the a c t i o n  o f  t h e  h e a t  exchangers, r e s u l t e d  i n  a d i f f e r e n c e  i n  
temperature of t h e  u l l a g e  gas .  
and 51.5'R f o r  t he  two tes t  phases,  r e s p e c t i v e l y .  Since t h e  gas 
l eav ing  t h e  tank boundary i s  a t  approximately t h e  u l l a g e  temper- 
a t u r e ,  more h e a t  i s  removed per l b  f o r  t he  h ighe r  temperature 
case .  The hea t  removal r a t e s ,  c a l c u l a t e d  on t h e  b a s i s  of the 
u l l a g e  temperatures,  a r c  80.0 Btu/hr and 61.5 Btu/hr  f o r  t h e  two 
tes t  phases,  r e s p e c t i v e l y .  T h i s  r e p r e s e n t s  a r educ t ion  i n  t h e  
h e a t  removal r a t e  of  about  23%. 
Ullage temperature averaged 62.5'R 
Pressure was manually con t ro l l ed  w i t h  r e f e r e n c e  t o  a Bourdon 
tube gage p res su re  i n d i c a t o r ,  w i th  t h e  c o n t r o l  p o i n t  cont inuously 
ad jus t ed  t o  account f o r  barometric p re s su re .  I n  o rde r  t o  c o n t r o l  
the p re s su re ,  pe r iod ic  adjustment of flow r a t e s  was necessary.  
Thus, a l though near s t e a d y - s t a t e  c o n d i t i o n s  were maintained f o r  
temperatures and p res su res ,  t h e  flow rates  were c y c l i c .  I n  Test 
I, t h e  l i q u i d  bulk temperature a l s o  cycled between 39.98 and 
40.05'R ( a s  measured by the  r e s i s t a n c e  thermometer). During the  
8 hours over which flow r a t e s  were averaged, t h e  temperature ap- 
pears  t o  have changed from t h e  minimum temperature of 39.98'B t o  
a f i n a l  temRerature of 40.04'R, o r  0.06'R over  t h e  t e s t  pe r iod .  
For Tes t  11, the  temperature changed from 39.95' t o  40.01'R i n  
an almost s t r a i g h t  l i n e  f a sh ion  during the  l as t  6 hours  of t h e  
t e s t ,  Since the d a t a  appeared most s t a b l e  du r ing  t h i s  per iod,  
t he  b o i l o f f  flow r a t e s  were averaged over t h e  same 6-hour pe r iod .  
These temperature f l u c t u a t i o n s  were no t  appa ren t  on i n s p e c t i o n  
of the d a t a  readouts  du r ing  the  t e s t .  
I 
3 
PICR- 69 - 405 IV-57 
Analysis  of d a t a  from d i f f e r e n t i a l  thermocouples i n  t h e  l i q u i d  i n d i c a t e s  
t h a t  most of  the bulk l i q u i d  followed the  temperature as measured by t h e  re-  
s i s t a n c e  thermometer near  t h e  bottom of  the  t a n k ,  It a l l  of  t he  l i q u i d  i s  
assumed to  have increased  i n  temperature by 0.06"R over  8 hours  i n  T e s t  I, 
then the  l i q u i d  absorbed h e a t  a t  t h e  approximate average r a t e  of  5.25 Btu /hr .  
A temperature i n c r e a s e  of  0.06"R over  6 hours  i n  T e s t  11 r e s u l t s  i n  a h e a t  
absorp t ion  r a t e  of  7.2 Btu/hr .  Adding these  c o r r e c t i o n s  t o  t h e  h e a t  removal 
r a t e s  given above, t h e  average t o t a l  h e a t  i n p u t s  t o  t h e  tank  a r e  found t o  be 
85.25 and 68.7 Btu/hr  f o r  Tests  I and 11, r e s p e c t i v e l y .  On t h i s  b a s i s ,  t h e  
h e a t  exchanger opera t ion  r e s u l t e d  i n  an  improvement of  19.4% over  t h e  uncooled 
case .  
I n  t he  design of  t h i s  t es t  a r t i c l e ,  i n s u l a t i o n  b lanket  th icknesses  were 
a r b i t r a r i l y  s i z e d  t o  achieve  a s i g n i f i c a n t  improvement i n  b o i l o f f  due t o  op- 
e r a t i o n  of t h e  h e a t  exchanger system. Tota l  h e a t  i n p u t  t o  the tank was pre-  
d i c t e d  t o  be between 35 and 50 Btu/hr f o r  t h e  i n a c t i v e  h e a t  exchanger case ,  
depending on the a c t u a l  performance o f  t h e  i n s u l a t i o n .  A reduct ion  of  t o t a l  
b o i l o f f  of  about 50% was predic ted  f o r  t he  a c t i v e  h e a t  exchanger case .  
Although the  reduct ion  i n  t o t a l  h e a t  l e a k  and b o i l o f f  r a t e  was f a r  less  
than expected, a reduct ion  of  h e a t  f l u x  through t h e  tank-mounted i n s u l a t i o n  
i n  excess  of  50%was  achieved.  (The v e n t  flow rate  was about  3.5 times t h e  
rate t h a t  would be generated by t h e  i n s u l a t i o n  h e a t  f lux . )  This  i s  i n d i c a t e d  
by the reduct ion  i n  temperature of  t h e  o u t e r  surface, and consequently t h e  
temperature d i f f e r e n c e  a c r o s s  the  tank-mounted b l a n k e t .  During t h e  d i r e c t  
vent  phase of t he  t e s t ,  t he  average i n s u l a t i o n  s u r f a c e  temperature  of  t he  
tank-mouvted b lanket  was 441"R. This  r e s u l t e d  i n  a temperature  d i f f e r e n c e  
a c r o s s  t h e  b lanket  of  approximately 340" i n  t h e  upper dome a r e a  and 400"R 
elsewhere.  When t h e  i n s u l a t i o n  h e a t  exchanger was a c t i v a t e d ,  these  temper- 
a tures  dropped t o  a range of  184 t o  27?"R, depending on p o s i t i o n .  This  re -  
s u l t e d  i n  temperature d i f f e r e n c e s  a c r o s s  the  b l a n k e t  ranging from 144 t o  
191"R, w i t h  a n  average d i f f e r e n c e  of  163"R. 
of  m u l t i l a y e r  i n s u l a t i o n  i s  expected t o  decrease w i t h  temperature,  and t h e  
average temperature d i f f e r e n c e  a c r o s s  t h e  b l a n k e t  during h e a t  exchanger opera-  
t i o n  was about  47% of t h a t  measured w i t t J u t  h e a t  exchanger o p e r a t i o n ,  t h e  i n -  
s u l a t i o n  h e a t  f l u x  was g r e a t l y  reduced. The temperature of t h e  i n n e r  s u r f a c e  
of  t h e  shroud-mounted i n s u l a t i o n  ranged from 448 t o  452'K f o r  t h e  Tes t  I con- 
d i t i o n ,  with an average of 450.5"R, and from 215 t o  293'R during T e s t  11, w i t h  
an  average of  249.5"R. 
Because t h e  thermal c o n d u c t i v i t y  
The unimpressive o v e r a l l  performance ga in  appears  t o  be due t o  an  anomaly 
i n  the i n s u l a t i o n  system i n  t h e  v i c i n i t y  of  t h e  manhole cover .  
r i c a t i o n  of  t he  t e s t  equipment was l a r g e l y  accomplished p r i o r  t o  t h e  a v a i l a b i l i t y  
of  t h e  tank  and vacuum chamber, 
Design and fab-  
O r i g i n a l  1960 shop drawings of t he  tank  and 
."\ 
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vacuum chamber were used t o  l a y  ou t  t he  t e s t  assembly. When 
mating of the  components WZL: a t tempted ,  i t  was discovered t h a t  
an  e r r o r  e x i s t e d  i n  the  o r l g i n a l  drawings,  Whereas t h e  c l e a r -  
a n c e s ' i n  t h e  manhole v i c i n i t y  were expected t o  be small, an i n t e r -  
fe rence  was faund.  F i e l d  changes were made t o  reduce the  problem 
a s  much as  poss ib l e .  Howeve'r, t he  f i n a l  r e s u l t  was compression 
of t h e  i n s u l a t i o n  i n  the  manhole a r e a ,  a c t u a l  p e n e t r a t i o n  of p a r t  
of t he  i n s u l a t i o n ,  and a small misalignment between t h e  shroud 
b a r r e l  and top  cone s e c t i o n ,  The e f f e c t s  of t h i s  problem were 
more severe  than had been a n t i c i p a t e d .  
I n  order  t o  eva lua te  t h e  t es t  d a t s ,  a thermal  network was 
se t  up f o r  t h e  system. The tank  i n s u l a t i o n ,  i n s u l a t i o n  h e a t  
exchanger, and shroud i n s u l a t i o n  were represented  by 8 nodes 
each. Conductors were included t o  r ep resen t  the i n s u l a t i o n ,  
r a d i a t i v e  coupl ing between i n s u l a t i o n  b l anke t s  and between t h e  
h e a t  exchanger and i n s u l a t i o n  b l anke t s  I h e a t  t r a n s f e r  v e r t i c a l l y  
a long  t h e  i n s u l a t i o n  and through t h e  annulus ,  r a d i a t i o n  leakage 
through the shroud i n s u l a t i o n ,  and t h e  manhole h e a t  l eak .  Coef- 
f i c i e n t s  f o r  these  c a t e g o r i e s  o f  conductors  were t r c a t e d  as inpu t  
d a t a .  For each s e t  of i npu t  d a t a ,  t h e  netxork was analyzed twice .  
F i r s t ,  t he  h e a t  exchanger temperature  was allowed t o  f l o a t  t o  
s imula te  t h e  case of no cool ing .  For t h e  second case, a l l  con- 
duc to r s  remained t h e  same, b u t  t h e  h e a t  exchanger temperatures  
were cons t ra ined  t o  the  va lues  obtained dur ing  T e s t  I1 t o  simu- 
l a t e  h e a t  exchanger ope ra t ion .  
The results of t h e  program were shen compared t o  the  a c t u a l  
temperature  and h e a t  f l u x  d a t a  f o r  the  two tes t s .  
was repea ted ,  w i th  the  inpu t  d a t a  ad jus t ed  f o r  each case,  t o  
iniprove t h e  agreement between computed r e s u l t s  and t e s t  d a t a ,  
Table  LV-2 summarizes t h e  r e s u l t s  of t h i s  a n a l y s i s .  
Th i s  procedure 
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Table I V - 2  Test  Data C o r r e l a t i o n  Summary 
Test I 
T o t a l  Vent Flow Rate ,  l b  / h r  m 
Heat Content of Vent Gas, B tu / lb  
To ta l  Heat Removed, Btu/hr  
Heat Absorbed i n  System, Btu/hr  
To ta l  Heat Enter ing System, ‘Btu/hr 
I n s u l a t i o n  Heat Exchanger Flow Rate ,  l b  /hr 
m 
Vent Pipe Heat Exchanger Flow Rate ,  l b  / h r  m 
F i l l  Pipe Heat Exchanger Flow Rate ,  l b  / h r  
m 
Heat F lux  t o  Tank from Vent Pipe,  Btu/hr 
Heat Flux t o  Tank fyom F i l l  Pipe,  Btu/hr  
Heat F l u x  through Tank-Mounted I n s u l a t i o n  Blanket,  Btu/hr  
m 
Heat F lux  i n  V i c i n i t y  of  Manhole, Btu/hr  
Heat F l u x  i n t o  Annulus via Shroud I n r u l a t i o n ,  Btu/hr 
Heat Flux i n t o  Amulus v i a  l i ad i a t ion  through Gap i n  Shroud- 
Mounted I n s u l a t i o n ,  Btu/hr 
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Analysis  of the simulated system case t h a t  most c l o s e l y  c o r r i l a t e s  the d a t a  
l eads  t o  the fol lowing obse rva t ions  and conclusions:  
Based on c a l c u l a t i o n s  t h a t  most c l o s e l y  approximate the  measured 
d a t a ,  t he  h e a t  f l u x  through the damaged and compressed i n s u l a t i o n  
j n  the  v i c i n i t y  of the manhole was t h e  dominant source of h e a t  
f l u x  t o  the  tank, c o n t r i b u t i n g  approximately 54 t o  56 Btu/hr ;  
A l a r g e  h e a t  f l u x  t o  the annu la r  region between the i n s u l a t h n  
b l anke t s  -esul ted from r a d i a n t  h e a t  t r a n s f e r  through a gap between 
the upper dome and b a r r e l  s e c t i o n s  o f  the shroud-mounted i n s u l a t i o n ,  
and poss ib ly  rtrrough o t h e r  b u t t  j o i n t s  i n  the shroud-mour+"d i n s u l a -  
t i o n ,  
i n  the b e s t  f i t  of  the t e s t  d a t a  i s  0.3 f t 2 ;  
The average thermal conduc t iv i ty  of  t h e  tank-mounted insuLat ion 
appeared to  be approximately 7 x 
cond i t ion  and 5.5 x Btu/hr E t  O R  f o r  the Tes t  I1 cond i t ion  a t  
the ope ra t ing  temperatures ,  S imi l a r ly ,  t he  average thermal con- 
d u c t i v i t y  of t h e  shroud-mounted i n s u l a t i b n  i s  est imated from the  
d a t a  a n a l y s i s  t o  be 9.5 x Btu/hr  f t  O R  f o r  T e s t  I: cond i t ions  
and 8.5 x l(1'5 Btu/hr f t  O R  f o r  Tes t  I1 c o n d i t i o n s ,  These va lues  
again a r e  ba,ed on a c t u a l  temperatures,  and a r e  c o n s i s t e n t  with the  
expected dependency of  thermal conduc t iv i ty  on temperature .  The 
l a r g e  inc rease  i n  h e a t  f l u x  through t h e  shroud-mounted i n s u l a t i o n  
and decrease i n  h e a t  f l u x  through t h e  tank-mounted i n s u l a t i o n  on 
a c t i v a t i o n  of t h e  h e a t  exchanger i s  not a r e s u l t  o f  a change i n  
i n s u l a t i o n  c h a r a c t e r i s t i c s ,  bu t  i s  due t o  the g r e a t  change i n  tem- 
pe ra tu re  d i f f e r e n c e  a c r o s s  the r e s p e c t i v e  i n s u l a t i o n  b l anke t s ,  and 
i s  an expected c h a r a c t e r i s t i c  of the cooled i n s u l a t i o n  system; 
Heat f l u x  through t h e  tank-mounted i n s u l a t i o n  i s  est imated from t h e  
d a t a  r educ t ion  a n a l y s i s  t o  have decreased from 32.1 t o  10.6 Btu/hr 
wheii the i n s u l a t i o n  h e a t  exchanger was a c t i v a t e d .  Th i s  amounts t o  
a 67% imprcvement. However, i t  m u s t  be noted t h a t  t he  hydrogen 
flow r a t e  through the  h e a t  exchanger was approximately 3.5 times 
the b o i l o f f  generated by t h e  i n s u l a t i o n  h e a t  f l ux .  Th i s  f a c t o r  i s  
p a r t i a l l y  compensated by t h e  f a c t  t h a t  t he  hea t  f l ux  i n t o  the  an- 
n u i u s  i s  abnormally high;  
The hea t  t r a n s f e r  between the hea t  exchanger f i n  and the i n s u l a t i o n  
bli trket can be approximately desc r ibed  by t h e  fol lowing equation: 
The assumed equ iva len t  open a r e a  of t hese  gaps t h a t  r e s u l t s  
Btu/hr  f t  O R  f o r  t he  Tes t  1 
where A = area of one s i d e  of t h e  h e a t  exchanger f i n ;  Hx 
JH is  a gray body view f a c t o r  with a value o f  0.8. X 
i 
, i. 
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THX and TI a r e  temperatures o f  the  hea t  ex- 
changer and i n s u l a t i o n  b l acke t  
su r f  a c e ,  r e  spec t i v e l y  ; 
6 )  The hea t  gained by the i n s u l a t i o n  hea t  exchanger was 
apprcximately 7 1  B t u l h r ,  The e x i t  gas  temperature 
was 2 0 0 ° R ,  which i s  wi th in  93 degrees  c f  the h i g h e s t  
measured shroud temperature .  I n  view of the abnorm- 
a l l y  high flow r a t e  end h e a t  l oad ,  t h i s  i n d i c a t e s  
t h a t  the hea t  exchanges was adequately s i z e d ;  
7 )  V e r t i c a l  r a d i a t i o n  i n  t he  annulus appears  t o  have 
r e s u l t e d  i n  v e r t i c a l  h e a t  f l u x e s  of 1 t o  10 Btu/hr  
over the annulus c r o s s - s e c t i o n .  However, the d a t a  
c o r r e l a t i o n  was r e l a t i v e l y  i n s e n s i t i v e  t o  t h i s  paran- 
e t e r .  Thermocouples mounted on the i n s u l a t i o n  sur- 
f a c e s  f ac ing  the annulus midway between h e a t  exchange 
convolut ions v a r i e d  a s  much a s  24’R from thermocouples 
mounted on the  i n s u l a t i o n  su r face  oppos i t e  the h e a t  
exchange f i n .  These r e s u l t s  a r e  a l s o  inf luenced by 
the  high extraneous hea t  leaks and t h e  abnormally h igh  
coolant  gas flow r a t e .  
IV-62 
D . STRUCTURAL TEST OF BORON STRUT 
i 
A cancept f o r  applying t ens ion  and ccjmpression loads  t o  the 
s t r u c t u r a l  f i b e r s  i n  a composite m a t e r i a l  t ubu la r  s t r u t  i s  pre- 
sented i n  Chspter 1x1. 
t h i s  concept , two tubes were f a b r i c a t e d  and t e s t e d  t o  f a i l u r e .  
Boron p resen t s  g r e a t e r  a p p l i c a t i o n  d i f f i c u l t i e s  than f i b e r g l a s  
because of i t s  l a r g e  f i b e r  diameter and b r i t t l e n e s s .  Therefore ,  
the boron epoxy tube concept was chosen f o r  eva lua t ion .  
I n  o r d e r  t o  v e r i f y  the  f e a s i b i l i t y  o f  
The specimens were constructed i n  accordance w i t h  the  des ign  
shown i n  Figure 111-9, but  w i th  modified end f i t t i n g s  t o  f a c i l i -  
ta'te t e s t i n g .  Since the o b j e c t i v e  of t he  t e s t  was t o  eva lua te  
the end f i t t i n g  concept only,  t h e  tube l e n g t h s  were reduced t o  
approximately 6 i n .  S-glass,  r a t h e r  than g r a p h i t e ,  w a s  used to 
overwrap t h e  ,rids of t h e  boron f i b e r s .  One of each specimen was 
t e s t e d  i n  t ens ion  and ccmpression. Figure IV-38 shows a c ross -  
s ec t ion  of  the t e n s i l e  specimen. The specimens were f a b r i c a t e d  
using I'pre-preg" c l o t h  c o n s i s t i n g  of boron f i b e r s  on e i t h e r  s i d e  
of a g l a s s  scrim c l o t h .  The scrim c l o t h  used r e s u l t e d  i n  a spac- 
ing of  approximately 0.005 i n .  and the  wall th i ckness  increased 
t o  approximately 0.040 i n .  accordingly.  
of boron f i b e r s  i s  approximately 36%. When subjected t o  approxi- 
mately 800 l b  tension,  s l i ppage  occurred i n  one end f i t t i n g ;  i n  
t he  o t h e r  end f i t t i n g  s l ippage occurred a t  approximately 1100 l b .  
No f u r t h e r  s l i ppage  was noted t o  6,000 l b .  A t  t h i s  po in t ,  t h e  
specimen was removed from the  f i x t u r e ,  and examined. Approxi- 
mately 0.005 i n .  of s l ippege had occurred on each end. Th i s  
protruding material was machined o f f  the end f i t t i n g s  and the 
s t r u t  reassembled. It was then loaded i n  t ens ion  to  f a i l u r e  a t  
8220 l b ,  with no f u r t h e r  s l i ppage  noted. 
The volumetr ic  percentage 
F a i l u r e  occurred a t  t h e  beginning o f  t h e  r a d i u s  where the 
f i b e r s  d e f l e c t  around the end f i t t i p g .  
a preload i s  introduced i n  the boron f i b e r s  by t h e  r e l a t i v e l y  
high r a t i o  of f i b e r  diameter t o  a r a d i u s  of cu rva tu re .  I f  a 
degradat ion f a c t o r  of approximately 16% i s  app l i ed  t o  account  
f o r  preloading of the boron f i b e r s  caused by t h e i r  formation 
around the 3-in.  r ad ius ,  a c a l c u l a t e d  average f i b e r  s t r e n g t h  
of 272,000 p s i  i s  obtained.  
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V. CONCLUSIONS - 
Analy t i ca l  s t u d i e s  i n d i c a t e  t h a t  f o r  c e r t a i n  l a rge - sca l e  
liquid-hydrogen space s to rage  systems, a s i g n i f i c a n t  r educ t ion  
of b o i l o f f  l o s ses  can be achieved by us ing  t h e  ven t  gas  t o  i n t e r -  
c e p t  a p s r t  of t h e  hea t  t h a t  would otherwise reach the hydrogen 
tank. This  is  accomplished p r imar i ly  by i n t e r c e p t i n g  h e a t  w i t h i n  
the  tarik i n s u l a t i o n  system, and secondar i ly  by coo l ing  the  l a r g e  
pipes connected t o  the tank. 
An a t t r a c t i v e  method f o r  implementing t h e  i n t e r c e p t i o n  of  
hea t  w i t h i n  t h e  i n s u l a t i o n  system i s  the i n s t a l l a t i o n  of a h e a t  
exchanger between tank- and shroud-mounted i n s u l a t i o n  blankets .  
Analysis i n d i c a t e s  t h a t  t h e  hea t  exchanger w i l l  f u n c t i o n  p rope r ly  
i f  phys i ca l ly  and thermally a t t ached  t o  t h e  s u r f a c e  of  e i t h e r  
i n s u l a t i o n  b l anke t ,  o r  i f  supported between the  i n s u l a t i o n  blan-  
k e t s  with only r a d i a t i v e  coupl ing t o  t h e  i n s u l a t i o n .  A n a l y t i c a l  
prediccions of  t he  e f f e c t i v e n e s s  of  t h e  r a d i a t i v e l y  coupled heat-  
exchanger concept were on ly  p a r t i a l l y  v e r i f i e d  by test .  
On t h e  b a s i s  of a n a l y t i c a l  c a l c u l a t i o n s ,  h e a t  e n t e r i n g  a cry-  
ogen tank through t h e  p ip ing  system can be reduced s i g n i f i c a n t l y  
(50% o r  more) by using the  vent gas t o  i n t e r c e p t  p a r t  of t he  hea t  
flow. Because o f  t he  r e l a t t v e l y  low h e a t  f l u x  t o  t h e  cryogen t ank  
through i ts  s t r u c t u r a l  s t p p o r t  system and t h e  geometr ical  complex- 
i t y  of  t he  support  system, t h e  use of ven t  gas  t o  i r ' tercept  a p a r t  
of t h i s  hea t  f l u x  i s  no t  warranted. The use  of  f i b e r g l a s s  epoxy 
and boron epoxy composite s t r u c t u r a l  m a t e r i a l s  i s  c a l c u l a t e d  t o  
reduce h e a t  leakage through t h e  tank support  system by 60% o r  more. 
Graphite epoxy i s  not  a n  a t t r a c t i v e  composite m a t e r i a l  f o r  cryo- 
genic t ank  supports  because of i t s  h i g h  measured thermal conducti  - 
v i t y .  
The f e a s i b i l i t y  of  a concept f o r  i n t e r p o s i n g  a l a y e r  of hydro- 
gen vapor between the  tank wa l l  and t h e  l i q u i d ,  u s ing  nonmetal l ic  
honeycomb co re  and a c a p i l l a r y  p a r t i t i o n i n g  b a r r i e r ,  was expe r i -  
mental ly  demonstrated. Ca lcu la t ions  of  p red ic t ed  performance show 
l i t t l e  promise f o r  t h i s  i n t e r n a l  i n s u l a t i o n  concept f o r  long-term 
space s to rage  of hydrogen. For short- term missions,  and app l i ca -  
t i o n s  s p e c i f i c a l l y  r e q u i r i n g  an i n t e r n a l  i n s u l a t i o n  system, t h e  
i n t e r n a l  c a p i l l a r y  i n s u l a t i o n  concept may be  promising. 
v -1 
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MULTILAYER INSULATION THERMAL CONDUCTIVITY MODEL 
Analysis  of the  e f f e c t s  of removing h e a t  from the  i n s u l a t i o n  
reg ion  and of opt imal  i n s u l a t i o n  d i s t r i b u t i o n s  f o r  va r ious  h e a t  
exchanger conf igu ra t ions  r e q u i r e s  a mathematical  d e s c r i p t i o n  of 
the  conductance of mul t i l aye r  i n s u l a t i o n  a s  a func t ion  of tempera- 
t u r e .  For the  purpose of  a r r i v i n g  a t  such a d e s c r i p t i o n ,  the  i n -  
s u l a t i o n  w i l l  be t r e a t e d  as being comprised of f l a t  r a d i a t i o n  
f o i l s ,  each one isothermal  and i n f i n i t e  i n  e x t e n t ,  separa ted  by 
t o t  a 1  l y  t r a n s  pa ren t  spacers  . 
With these  assumptions,  then ,  the  h e a t  t r a n s f e r  per u n i t  a r ea  
from any f o i l  a t  temperature T1 t o  an ad jacen t  f o i l  a t  temperature 
T2 w i l l  be 
0 (Tt - T> - 
q1,2 2 / ~  - 1 -k ‘conduction 
where CT is the Stefan-Boltzmann cons t an t ,  E i s  the emis s iv i ty  of 
t he  two f o i l  s u r f a c e s  (assumed t o  have nea r ly  the  same emiss iv i ty ) ,  
and q is a term t h a t  accounts  f o r  conduction through conduct i on  
the  spacer  material. I f  c o n t a c t  r e s i s t a n c e  and ho le s  i n  the  
spacer  m a t e r i a l  are a l l  taken account of by an  a r e a  f a c t o r  a,  
then i t  can be expressed i n  terms of the  thermal conduc t iv i ty  of 
t he  spacer  material i n  s o l i d  form; 
= a_ k (T)dT, ‘conduction s 
where s is  the f o i l  s e p a r a t i o n  (d is tance  between the  two ad jacen t  
f o i l s )  and k (T) is the  thermal cond&tivi ty  of  t he  sp.-cer ma te r i a l  
a s  a func t ion  of temperature .  
Consider now an  i n s u l a t i o n  c o n s i s t i n g  of any number of f o i l s ,  
n ,  a l l  equa l ly  spaced (s) and a l l  wi th  the  same e m i s s i v i t y ,  E. 
Then the  cons ide ra t ions  j u s t  d i scussed  r e s u l t  i n  a system of (n-1) 
equat ions  f o r  the unknown h e a t  f l u x ,  q (which i n  s teady  s t a t e  does 
not  vary across  the  i n s u l a t i o n )  and in te rmedia te  f o i l  temperatures .  






I f  the ind iv idua l  f o i l  temperatures  are T i ,  T2, ... Tn, we have 
T2 
(T$ - T,$) + QI - 1 k(T)dT 
2 / €  - 1 s q = a  
T i  
T i  1 k(T)dT IT$ - "3) + 
q = a  2 / € - 1  s 
- T 4 )  
q = a  ( T7n -1 1 n -Fa: 1 k(T)dT 
2/E - 1 S 
Tn-l 
Adding a l l  the equat ions  toge ther  g ives  q i n  terms of  the o u t s i d e  
f o i l  temperatures ,  T i  and T : n 
rn I 
(TI  - T4 
n ,  + a _  k(T)dT 
T1 
2 / €  - 1 s (n-1) q = u 
With the  assumptions we have made , t he re fo re  , t h e  mul t i l aye r  i n -  
s u l a t i o n  system can be t r e a t e d  f o r  a n a l y s i s  purposes simply as 
two p a r a l l e l  i n s u l a t o r s ,  one of them equ iva len t  t o  the f o i l  l aye r s  
of t he  i n s u l a t i o n  taken a s  a s i n g l e  b lock  of appropr i a t e  dimen- 
s i o n s .  s i n c e  t h e  
spacer  is assumed t o  be t r a n s p a r e n t ,  t he re  is no coupl ing  i n  any 
one element between r a d i a t i o n  and conduction; and s i n c e  6 and s 
were assumed t o  3e the  same f o r  every f o i l ,  t h e  equat ions  could 
be w r i t t e n  wi th  cons t an t  c o e f f i c i e n t s ;  hence no coupl ing was i n -  
troduced as a r e s u l t  of adding the  elements i n  series. 
the hea t  f l uxes  through the  two components correspond a t  only one 
poin t  i n  the  system t o  va lues  obtained by cons ide r ing  them sep-  
a r a t e l y .  Toward the  h o t  end, t h e  r a d i a t i o n  h e a t  f l u x  gene ra l ly  
becomes dominant whereas i t  may be i n s i g n i f i c a n t  a t  t h e  co ld  s i d e .  
Never the less ,  the t o t a l  h e a t  f l u x  a t  any po in t  i s  equal  t o  the  
sum of the  r a d i a t i o n  and conduction h e a t  f l uxes  obtained by com- 
put ing  them s e p a r a t e l y .  
This  r e s u l t  is  e s s e n t i a l l y  due t o  two f a c t s :  
I n  r e a l i t y ,  
i 
MCR-69 -405 A -3 
For r e a l  m a t e r i a l s ,  the f o i l  emis s iv i ty  as we l l  as the spacer  
conduct iv i ty  should be expected t o  vary wi th  temperature This 
e f z e c t  can be included i n  the model wi thout  in t roducing  ccupl ing  
between the terms (which would g r e a t l y  complicate the r e s u l t )  if 
we r e s t r i c t  our a t t e n t i o n  t o  systems conta in ing  l a r g e  numbers of 
f o i l s ,  s o  t h a t  the temperature d i f f e r e n c e  between any two a d j a -  
c e n t  f o i l s  can be t r e a t e d  a s  a small q u a n t i t y .  That i s ,  i f  we 
def ine the temperaturz d i f f e r e n c e  between any two f o i l s  "i" and 
lli + 1" as  
and i f  6T. << T.  f o r  a l l  1 5 i < n ,  then T: - q+l can always be 
1 1 
approximated by the f i r s t  term i n  i ts  Taylor s e r i e s  expansion 
about Ti: 
Furthermore , the  i n t e g r a t e d  spacer conduc t iv i ty  becomes approxi -  
mately 
Ti+l j k(T)dT k(Ti) 6Ti 
With these approximations,  the h e a t  t r a n s f e r  between any two 
ad jacen t  f o i l s ,  one a t  temperature T 
is  
and the o t h e r  a t  Ti - 6Ti, i 
1 
N' o r ,  w r i t i n g  s = - where N is the number of f o i l s  per u n i t  t h i c k -  
nes s ,  
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A s  befo re ,  w e  o b t a i n  (m-1) such equa t ions ,  i f  m is  the  a c t u a l  
t o t a l  number of f o i l s ,  by l e t t i n g  i assume i n t e g r a l  va lues  from 
1 t o  (m-1) .  These (m-1)  equa t ions  can be added, as i n  the cons t an t  
c o e f f i c i e n t  ca se ,  provided t h a t  6T. i s  small enough t h a t  the r i g h t  
hand s i d e  can be t r e a t e d  as a cont inuously varying func t ion  from 
equat ion  t o  equat ion ,  a l lowing the  laws of i n t e g r a l  c a l c u l a s  t o  







N Notice t h a t  is  t h e  a c t u a l  th ickness  of the i n s u l a t i o n  b l anke t .  
Up t o  t h i s  p o i n t ,  we-  have been t r e a t i n g  the case  of a f l a t  
i n s u l a t i o n  b l a n k e t ,  i n f i c i t e  i n  e x t e n t .  Now t h a t  i n t e g r a l  r ep re -  
s e n t a t i o n s  have been in t roduced ,  i t  is a simple matter t o  extend 
the t reatment  t o  o the r  conf igu ra t ions .  
Consider,  f o r  Example, an  in s i i l a t ion  S l a n k e t ,  t o t a l  th ickness  
t ,  appl ied  t o  the  ou t s ide  of  an  i n f i n i t e l y  long c y l i n d e r ,  r ad ius  
R. I f  the number of f o i l s  i s  l a rge  enough, the view f a c t o r  i n  the 
r a d i a t i o n  term is e s s e n t i a l l y  un i ty ;  hence,  the  r i g h t  s i d e  of 
Equation [l] is  unchanged. The l e f t  s i d e  becomes 
9 
2 n  r i N  
where q is noy h e a t  t r a n s f e r  per u n i t  l eng th  of t he  c y l i n d e r ,  and 
r is  the r ad ius  of the  f o i l  a t  temperature T Since 1/N i s  
r e a l l y  always the  change i n  r ad ius  a s soc ia t ed  w i t h  each GT the  i' 
change i n  temperature on the  r i g h t  s i d e ,  the l e f t  hand s ides  of 
the a r r a y  of equat ions  can a l s o  be t r e a t e d  a s  a cont inuously 




log (1 -t- R )  = N T3 dT + a  k(T)dT [3  1 a, 2n 
t ' 4 0  p 
2 - - 1  
Ti E(T)  TL 
I 
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i s  the appropr i a t e  equat ion f o r  h e a t  t r a n s f e r  per u n i t  l eng th  of 
an i n f i n i t e l y  long c i r c u l a r  c y l i n d e r .  
S i m i l a r l y ,  i f  we consider  a sphere of r a d i u s  R ,  covered by an 
i n s u l a t i o n  blan1:et of Chickness t ,  then the t o t a l  h e a t  t r a n s f e r  





;k(k)=F- j - 2  T3 dT + CU k(T)dT - - 1 
T i  c(T)  T1 
The d e r i v a t i o n  can be c a r r i e d  a s t e p  f a r t h e r  by spec i fy ing  
the form of the temperature dependences of F. and k t o  some e x t e n t ,  
i n  accordance with the measured p r o p e r t i e s  of some of the most 
i n t e r e s t i n g  m a t e r i a l s .  
- 
Since our goal is t o  c o n s t r u c t  a mathematical model of the 
mul t i l aye r  i n s u l a t i o n ,  i t  i s  most convenient t o  work henceforth 
wi th  an o v e r a l l  i n s u l a t i o n  e f f e c t i v e  c o n d u c t i v i t y ,  k (Tz, T l ) ,  
defined by 
where q i s  the h e a t  t r a n s f e r  per u n i t  a r e a  from a su r face  a t  
temperature T e  t o  a su r face  a d i s t a n c e ,  L, away a t  temperature 
T 1 *  
S u b s t i t u t i n g  t h i s  d e f i n i t i o n  i n t o  Equation [ 2 ] ,  with L f o r  
and T2 f o r  T gives  m d  N m' 
[41 
L -1 
The conduc t iv i ty  of the spacer  m a t e r i a l ,  k (T), i s  a w e l l -  
def ined and measurable p rope r ty .  
the conduc t iv i ty  i s  p l o t t e d  as a func t ion  of temperature i n  the 
range T = 20 t o  500 degrees*. 
approximated by the func t ion  
*Final Report ,  Volume 11, Cont rac t  NAS8-20353, Lockheed M i s s i l e s  and 
I n  the case of nylon,  f o r  example, 
This curve i s  r a t h e r  c l o s e l y  
Space Company, A84 882, June 25, 1967, pp 4 .2-7.  
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The emiss iv i ty  of the r a d i a t i o n  s h i e l d ,  E: (T) ,  i s  less w e l l  
known than the spacer  conduc t iv i ty .  Although the emis s iv i ty  of 
a l abora to ry  sample of the s h i e l d  m a t e r i a l  cau be pinned down 
very c l o s e l y ,  ihe emis s iv i ty  as app l i ed  t o  a space v e h i c l e  i s  n o t  
expected t o  be a s  good because of damage to  the aluminized c c a t -  
i n g ,  f l aws ,  p e n e t r a t i o n s ,  contamination, e t c . ,  which reduce the 
r e f l e c t i v i t y  of the s h i e l d  s u r f a c e .  Curves (presented on pp 2-51 
and 4.2-17'k)  f o r  t h e  e m i s s i v i t y  of 0.25-mil aluminum f o i l  a r e  f a i r -  
l y  well approximated, f o r  temperature below 400°R, by t h e  func t ion  
T 
E (T) = 0.0025 + 0.005 (G) 
I f  the degradati.Cn of the r e f l e c t o r  caused during a p p l i c a t i o n  i s  
considered t o  be microscopic b l ack  areas, a c o n s t a n t  va lue  shoiild 
be added t o  t h i s  function,.  On the  b a s i s  of an "as-applied" emis- 
s i v i t y  of about 0.04 f o r  T = 400°R, the fol lowing e m i s s i v i t y  
func t ion  would be ind ica t ed :  
T 
E (T) = 0.02 + 0.005 (E) 17 1 
Fo; our purposes a t  p r e s e n t ,  though, we merely wish t o  s p e c i f y  
the form o f  these temperature dependencies; hence, i t  i s  s u f f i c i e n t  
t o  take 
k (T) = 7 (l-e-'T) , say ,  [8 1 
-1 
r a n  now be expanded i n  a Maclaurin The quant*&j- - 1) 
- /m\ 
s e r i e s  i n  terms o€ the small q u a n t i t y  kLLL 2 .  
*Final Report ,  Volume 11, Con t rac t  NAS8-20353, Lockheed Miss i l e s  and 
Space Companjr, A84 882, June 25, 196 , pp 4.2-7. 
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o r ,  w i t h  :(T) given by Equation f91 and t ak ing  the s e r i e s  a s  f a r  
a s  the second order  term i n  f3 and the f i r s t  o rde r  term i n  yT: 
S u b s t i t u t i n g  Equations [ 8 ]  and [ l o ]  i n t o  Equation [51 and 
i n t e g r a t i n g  gives  
.- 
For example, t ak ing  @ = 2 ~ 1 0 ' " ~  y = SxlO-', 6 = 1.5~10-" 'R-~,  
Btu 
f t -h r -OR ' and N = 500 f t - l ,  the curves shown i n  Figure T) = 0.2 
A - 1  a r e  generated f o r  the va r ious  ind ica t ed  values  of a.  
This model has been compared t o  unpublished tes t  d a t a  for  a 
nylon-spacer i n m l a t i o i i  specimen and appears  t o  c o r r e l a t e  with 
t h e  da t a  w i t h i n  10% by proper adjustments o f  N and a. 




















Figure A-1 Insulation Thermal Conductivity Model for Several Values of 0. 
E 
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